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ABSTRACT 
Air pollution is a serious problem nowadays. Traditional gas cyclones are widely used to 
purify industrial waste gases but are not effective in collecting fine and ultrafine particles. An 
innovative air purifying technology, cloud-air-purifying (CAP) technology, was recently 
developed to utilize a gas cyclone filled up with the supersaturated vapour. In this thesis, a 
numerical model is developed to study the multiphase flow in such a cyclone based on 
ANSYS/FLUENT. The complex multiphase flow of air, vapour and particles is simulated by 
the computational fluid dynamics (CFD). The air flow is modelled by solving the Navier-
Stokes equation. Reynold stress model (RSM) is applied to simulate strong turbulence of the 
air flow in the cyclone. The supersaturated vapour in the cyclone is assumed constant firstly 
and then modelled by coupling the mixture species transport (MST) model with Eulerian wall 
film (EWF) model. Particle motion in the gas cyclone is traced by the Lagrangian particle 
tracking (LPT) method, with the condensation growth considered modelled via a user-
defined-function (UDF). The model has been validated by good agreement with experiments 
in terms of the collection efficiency and vapour condensation rate. The effect of the amount of 
the supersaturated vapour is studied. The results show that in the supersaturated vapour, 
particles will grow in size due to the condensational growth and thus can be more effectively 
collected by the centrifugal flow field of the cyclone. In addition,  the microscopic analyses 
are performed on different phases, which provide more clear microscale pictures for the 
collection of particles than experiments, For the particles, it is revealed that the same sized 
particles can grow into a narrow size distribution through the process, yet the average growth 
ratio is increased with the increase of the supersaturation ratio in the cyclone and the decrease 
of the initial particle size, resulting in a significant improvement of the collection efficiency 
for fine particles. Such improvement is further depicted through the analyses of the escaping 
particle flow patterns. For the vapour, the supersaturation ratio decreases from the top to the 
bottom of the cyclone which decreases the condensational growth in the lower part of the 
cyclone. To overcome this, an optimization method is proposed by injecting extra vapour in 
the middle of the cyclone to improve the supersaturation ratio at the lower part of the cyclone, 
which can lead to the second growth of the particles. Finally, based on the numerical data, a 
mathematical model is proposed to predict the collection efficiency with the existence of the 
supersaturated vapour. The numerical data and models are helpful to the understanding and 
optimisation of the CAP technology. 
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1 INTRODUCTION 
Particulate air pollution has been a serious problem worldwide. It can happen all year around 
and cause serious environmental and health problems. The presence of fine particles in the 
atmosphere impairs visibility, leads to harmful acid rain and has a huge negative impact on 
ecosystems. The size of particles is directly linked their potential for threatening human health 
as they can easily get into the lungs or even deposit into the bloodstream. Exposure to 
particulate matter (PM) can cause lung or heart diseases and even premature death. Therefore 
how to reduce PM concentration has drawn great concern. As PM sources are mainly from 
industrial processes and combustion of fossil fuels, one feasible way to reduce particulate air 
pollution is to remove such small particles from exhausted gas before emission. Gas cyclones 
are widely used to separate small particles from a gas stream in industries. However, they are 
poor at collecting PM2.5. As the drag force on the particles surpasses the centrifugal force 
when the particle size is smaller than 2.5 μm, particle motion is governed by gas movement. 
Therefore particles escape from the top of the cyclone with the gas, leading to low collection 
efficiency. This gap can be overcome by increasing particle size in the cyclone. 
More recently, a new fine particle removal technology: Cloud-Air-Purifying (CAP) 
technology has been developed. Learning from nature, it generates an artificial cloud 
environment in the cyclone, where particles play a role as cloud condensation nuclei (CCN) 
and absorb vapour on their surfaces. Then particle size is enlarged, which is beneficial for the 
collection. This technology has been applied in industries to prove its effectiveness. However, 
the flow in the CAP cyclone is more complicated than that of the conventional gas cyclone as 
it not only involves multi phases: vapour, air and particles of different sizes but also refers to 
phase change from vapour to liquid. It’s hard to study the micromechanism about the particle 
growth by condensation and its effect on the cyclone performance with experiments, while 
numerical study based on computational fluid dynamics (CFD) provides a cost-effective 
alternative. 
 In this work, the gas-air-vapour flow in the CAP cyclone is studied via CFD commercial 
software FLUENT. The effect of supersaturated vapour on the particle growth and then 
collection efficiency is investigated by a series of controlled numerical experiments. The 
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micromechanism of the effect is explored by obtaining micro information from the 
simulations. 
Chapter 2 reviews some of the related previous work, including the cyclone performance, 
condensational growth of fine particles and vapour condensation in condensers. Moreover, the 
experimental investigation, theoretical analysis and numerical simulations of these three parts 
are reviewed.  
Chapter 3 presents a CFD study on the effect of the supersaturated vapour on the performance 
of a gas cyclone used in the CAP technology. The positive effect on the cyclone performance 
is confirmed and the improvement is further depicted through the analysis of the escape flow 
patterns. A mathematical model is proposed to predict the collection efficiency with the 
existence of the supersaturated vapour. 
Chapter 4 focuses on the multiphase flow in the CAP cyclone filled up with the 
supersaturated vapour. The numerical model is validated by the good agreement between 
simulated and experimental results in terms of condensation rate and pressure drop. The 
results show that the vapour concentration is not uniform in the cyclone and it decreases from 
the top to the bottom of the cyclone. The effect of vapour distribution on the particle growth 
and then cyclone performance is studied. An optimisation is also proposed to improve the 
supersaturation ratio in the cyclone and then cyclone performance.  
Chapter 5 concludes this thesis work and discusses some future work.  
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2 LITERATURE REVIEW 
2.1 Overview 
A CAP cyclone has been applied to collect fine particles with high efficiency in industries. 
The flow inside the CAP cyclone is complicated as it not only involves the movement of 
multi phases: air, vapour and different sized particles but also refers to vapour condensation 
on the surfaces of the cyclone wall and particles. The existing research related to gas cyclone 
performance, vapour condensation on fine particles and in condensers is literature reviewed in 
this Chapter.  
2.2 Gas cyclone performance  
Gas cyclones are important devices widely used in many industrial applications for removing 
solid particles from gas streams before to be emitted into the air. Comparing to other 
technologies, they provide a favourable balance between separation efficiency and cost. 
Pressure drop and collection efficiency are two main performance characteristics of a gas 
cyclone which cause great concern (Hoffmannc et al., 1992). In the past decades, extensive 
experiments have been done to study the flow characteristics, as an important step to 
understand pressure drop and collection efficiency (Fassani and Goldstein, 2000, Hoffmannc 
et al., 1992, Zhu and Lee, 1999, Zhao et al., 2004, Chen et al., 2007, Pei et al., 2017). At the 
same time, analytical models have been proposed to predict the performance characteristics of 
the flow fields based on the (semi-) empirical equations summarized from the experimental 
data. The cyclone geometry and flow conditions are taken into consideration in these 
empirical models (Lapple, 1951, Barth, 1956, Leith D, 1972). The collection efficiency is 
defined as the ratio between the fraction of injected and collected particles. It has a size 
distribution for loading particles. The collection efficiency for each size is different, so a 
fractional or grade-efficiency curve can be obtained through combing collection efficiency for 
particles of size x as shown in Figure 2.1. It is obvious that large particles will be easily 
separated from the cyclones while fine particles will always escape. Therefore an important 
parameter called cut-off size which corresponds to 50% efficiency will be introduced to 
measure the separation ability(Cortes and Gil, 2007). These empirical models for calculating 
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the efficiency concentrate on predicting the cut-off size x50 while some models also include 
the fractional efficiency. Most popular models for cyclone are listed in Table 2.1. 
Table 2.1 Equations for the cyclone collection efficiency  
Model  Equation 
Lapple  
𝑥𝑥50 = � 9𝜇𝜇𝑔𝑔𝑏𝑏2𝜋𝜋𝜌𝜌𝑠𝑠𝑣𝑣𝑖𝑖𝑁𝑁𝑐𝑐  
𝑁𝑁𝑐𝑐 = ℎ + (𝐻𝐻 − ℎ)/2𝑎𝑎  
Barth 
𝑥𝑥50 = �9𝜇𝜇𝑔𝑔𝐷𝐷𝑒𝑒𝑣𝑣𝑟𝑟𝑒𝑒𝜌𝜌𝑠𝑠𝑣𝑣𝑡𝑡𝑡𝑡2  
Leith and Licht 
𝜂𝜂 = 1 − 𝑒𝑒𝑥𝑥𝑒𝑒 �− 𝜌𝜌𝑠𝑠9𝜇𝜇𝑔𝑔 �2𝑥𝑥𝑣𝑣𝑖𝑖𝐷𝐷𝑐𝑐 �2 𝑡𝑡𝑟𝑟𝑒𝑒𝑠𝑠� 
𝑡𝑡𝑟𝑟𝑒𝑒𝑠𝑠 = 𝑉𝑉?̇?𝑉 
 
Figure 2.1. Typical fractional efficiency curve (Cortes and Gil, 2007).  
The earlier models(Lapple, 1951) are simple and include a few parameters. He assumed that 
the inlet velocity is constant and the particle distribution is uniform. Some parameters of 
cyclone geometry are also taken into consideration. However, it does not give satisfactory 
results. The improved models(Barth, 1956) introduced an important parameter: the vortex 
finder diameter 𝐷𝐷𝑒𝑒, which influences the collection efficiency greatly. The existence of vortex 
finder helps form the virtual control surface (CS) where all the friction losses are concentrated. 
It significantly changes the local flow patterns just under the vortex finder. Then the 
tangential velocity at the wall 𝑣𝑣𝑡𝑡𝑡𝑡  is related to the tangential velocity at the CS, which 
approximately represents the swirl intensity of the inner vortex. The height of CS can be 
identified as the length of the vortex which determines that the particles will be collected or 
not. The models of Leith and Licht (Leith D, 1972) can calculate the entire grade efficiency of 
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different sizes of particles. The authors considered the particles as the continuous flux rather 
than just a single particle. The results expressed as a function of the residence time of 
particles in the cyclone.  
When investigating pressure drop in the cyclones, one important concept we must know that 
it’s not merely the static fluid pressure p which is being lost, decreased. More accurate and 
detailed dynamic or total pressure, expressed as  𝑒𝑒 + 1
2
𝜌𝜌𝑣𝑣2 , is put forward to calculate the 
viscous dissipation which refers to mechanical energy balance(Cortes and Gil, 2007). Here v 
is the modulus of velocity. Among them, the tangential component 𝑣𝑣𝑡𝑡 dominates the vortex 
which influences the performance. So the total pressure can be assumed to be made up of 
static pressure and kinetic energy of vortex  𝑒𝑒 + 1
2
𝜌𝜌𝑣𝑣𝑡𝑡
2. Pressure drop is strongly related to 
vortex motion and its associated radial pressure gradient. As if the flow is dimensionless, it 
can be divided into three contributions: (1) losses at the inlet (2) fluid friction with the wall or 
separation space (3) losses at the vortex finder and exit. The third part is of the greatest 
importance. For example, the increase of wall friction contributes to the increased losses at 
the separation space. However, it will also decrease the tangential component which in turn 
decreases the losses at vortex finder. The experiment results(Hoffmannc et al., 1992) showed 
that increased wall friction decreases the pressure drop, which proves that the second effect is 
always the largest. 
The pressure drop in the cyclone has been predicted by various workers by means of 
empirical or theory-based formulas. They took five parameters into account while predicting 
the pressure drop. The value of the Reynolds number is up to a certain value and can be 
neglected in the formula(Gil et al., 2001). Other two parameters Froude number and ratio 
between solid and gas density can also be ignored because the variation of cyclone shape and 
operation conditions is small(Cortes and Gil, 2007). Therefore the studies were focusing on 
the effect of cyclone geometry and solids loading. The dimensionless pressure drop (𝜉𝜉𝑐𝑐 ) 
related to inlet velocity can be calculated by the former effects: 
∆p
𝜌𝜌𝑔𝑔𝑣𝑣𝑖𝑖
= 𝜉𝜉𝑐𝑐 = 𝜉𝜉𝑔𝑔𝜉𝜉𝑠𝑠          (2.1) 
Where 𝜉𝜉𝑔𝑔 represents the pressure drop correlation as a function of geometry in the absence of 
particles (dilute flow), 𝜉𝜉𝑠𝑠  is a corrector factor that accounts for the high concentration of 
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particles. The most widely used geometry pressure drop correlations 𝜉𝜉𝑔𝑔 are summarized in 
Table 2.2. Models of Shepherd and Lapple, Casal just assumes that 𝜉𝜉𝑔𝑔 is only a function of 
geometry for smooth-walled cyclones at high Reynolds numbers and low solid 
loadings(Cortes and Gil, 2007). In the models of Barth and Muschelknautz, pressure drop is 
made up of two parts: loss in the cyclone which introduces an explicit friction coefficient λ𝑔𝑔 
for the cyclone walls, loss in the vortex finder which is based on the ration between tangential 
velocity and axial velocity in the inner vortex(Gil et al., 2001). In comparison with the 
experimental value of 11.63, the values of literature correlations are 21%-35% higher than 
that of the experiment. 
Table 2.2 Models of the Pressure drop in the cyclone (dilute flow)  
Model Equation 
Shepherd and Lapple 
𝜉𝜉𝑔𝑔 = 16𝑎𝑎𝑎𝑎𝐷𝐷𝑒𝑒2   
Barth 
𝜉𝜉�𝜆𝜆=𝜆𝜆𝑔𝑔� = � 𝑎𝑎𝑎𝑎𝜋𝜋𝐷𝐷𝑒𝑒24 �
2 (𝜉𝜉𝑏𝑏 + 𝜉𝜉𝑒𝑒) 
Loss in the cyclone body 
𝜉𝜉𝑏𝑏 = 𝐷𝐷𝑒𝑒𝐷𝐷𝑐𝑐
⎝
⎛ 1
�
𝑣𝑣𝑧𝑧𝑒𝑒
𝑣𝑣𝑡𝑡𝑒𝑒
− �
(𝐻𝐻 − 𝑆𝑆)0.5𝐷𝐷𝑒𝑒 � 𝜆𝜆�2 − �
𝑣𝑣𝑡𝑡𝑒𝑒
𝑣𝑣𝑧𝑧𝑒𝑒
�
2
⎠
⎞ 
Loss in the vortex finder 
𝜉𝜉𝑒𝑒 = 𝐾𝐾 �𝑣𝑣𝑡𝑡𝑒𝑒𝑣𝑣𝑧𝑧𝑒𝑒�4/3 + �𝑣𝑣𝑡𝑡𝑒𝑒𝑣𝑣𝑧𝑧𝑒𝑒�2 
Muschelknautz 
𝜉𝜉�𝜆𝜆=𝜆𝜆𝑔𝑔� = � 𝑎𝑎𝑎𝑎𝜋𝜋𝐷𝐷𝑒𝑒2/4 (𝜉𝜉𝑏𝑏 + 𝜉𝜉𝑒𝑒)� 
𝜉𝜉𝑏𝑏 = 𝜆𝜆 𝐴𝐴𝑠𝑠0.9𝑉𝑉 𝜌𝜌𝑔𝑔2 (𝑣𝑣𝑡𝑡𝑡𝑡𝑣𝑣𝑡𝑡𝑒𝑒)1.5 
𝜉𝜉𝑒𝑒 = 2 + 3 �𝑣𝑣𝑡𝑡𝑒𝑒𝑣𝑣𝑧𝑧𝑒𝑒�4/3 + �𝑣𝑣𝑡𝑡𝑒𝑒𝑣𝑣𝑧𝑧𝑒𝑒�2 
With the rapid development of computational performance, CFD software is exploited to 
study the gas flow field as shown in Figure 2.2 and trajectories of particles and then predict 
the cyclone performance by means of numerical calculation. One of the first CFD simulation 
was done by Boysan in 1982(Hoekstra et al., 1999, Wang et al., 2006). They applied the 
algebraic stress model (ASM) to compute the six Reynolds stress components. More recent 
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work to model turbulence in the cyclone employed standard 𝑘𝑘 − 𝜀𝜀 model, RNG 𝑘𝑘 − 𝜀𝜀 model 
and Reynolds stress model (RSM). Comparing with the experimental results of mean velocity 
for three swirl numbers obtained by laser-Doppler velocimetry (LDV), standard 𝑘𝑘 − 𝜀𝜀 model, 
RNG 𝑘𝑘 − 𝜀𝜀  model based on the eddy-viscosity approaches failed to predict the combined 
vortex observed experimentally and simulated an inaccurate distribution of tangential and 
axial velocities, hence, were not suitable for gas flow in the cyclone. On the contrary, results 
obtained from the RSM were in reasonable agreement with the experiment data(Hoekstra et 
al., 1999, Cortes and Gil, 2007). The RSM model does predict the anisotropy of fluctuating 
tangential and axial velocities, but the large deviation between predictions and experimental 
results should be noticed. In recent years, large eddy simulation (LES) is applied to simulate 
the gas flow in cyclones. It realistically represents the gas flow including the phenomena, 
precession vortex core. The simulation results of velocity profiles for time mean velocities 
and velocity fluctuating levels match well with that of the experiment in ref (Derksen, 2003). 
After single phase flow in the cyclone is well predicted, the studies concentrated on the 
simulation of two-phase (gas-solid) flows and its results about cut-off sizes and grade 
efficiency. Dispersed two-phase flow is distinguished into two regimes according to the 
existence of particle interaction: dilute and dense two-phase flow. For the dilute flow, the 
particle motion on the way through the flow filed is based on the one-way coupling: the 
particle is influenced by the gas, but the gas flow is not affected by the particles (Derksen et 
al., 2006); for higher mass-loading fraction, the gas-solid flow is simulated by two-way 
coupling which means solid and gas will interact with each other. For dense flow, interactions 
between particles including particle collision and influence on the nearby flow filed become 
important. The collisions will lead to coalescence and break-up, which is called four-way 
coupling. A Lagrangian tracking of particles which consists of Newton’s law of motion is 
adequate for dilute, one-way coupling flow. It can be undertaken as a post-process 
computation by a CFD solver, i.e., as a calculation using previous gas velocity results from a 
single gas phase simulation(Wang et al., 2006). Two-way transfer of momentum between 
particles and fluid phase is modelled by particle-source-in cell (PSI-Cell) method. Firstly, the 
flow filed with pure air is modelled by RSM or LES method. Then, a large number of 
particles with a minimum of 10000-20000 are tracked through the flow field. It can simulate 
the mass-loading effect for moderate particle flow (Derksen et al., 2006). CFD-DEM method 
can model the four-way transfer of momentum as CFD describes flow field by solving 
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Navier-Stokes equation and DEM captures particle motion by means of Newton’s law of 
motion which takes particle interaction into account (Chu and Yu, 2008, Chu et al., 2011).  
 
Figure 2.2 Basic flow filed in the cyclone (Alahmadi and Nowakowski, 2016). 
Taking advantage of CFD simulations, the effect of a large number of flow and geometry 
variables on cyclone performance can be investigated at a relative low cost. The cyclone 
performance can be improved by optimizing the geometry. A basic cyclone separator is 
defined by eight geometric parameters shown in Figure 2.3: inlet width 𝑎𝑎  and height 𝑎𝑎 , 
cyclone cylinder height ℎ, cyclone body height 𝐻𝐻, cyclone body diameter 𝐷𝐷, particle exit 
diameter 𝐵𝐵 , vortex finder diameter 𝐷𝐷𝑒𝑒 and height 𝑆𝑆.  
 
Figure 2.3 Schematic of cyclone geometry  
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Increasing inlet dimensions decreases the maximum tangential velocity in the cyclone, which 
in turn decreases the pressure drop in the cyclone. However, it leads to the decrease of 
collection efficiency due to the weak of vortex strength. The effect of changing width is more 
significant than height, especially for the cut-off size. Therefore, the advisable ratio of width 
to height is around 0.5-0.7 for the balance between pressure drop and collection 
efficiency(Elsayed and Lacor, 2011). The optimum design is that the difference of cyclone 
cylinder height and vortex finder height is equal to body diameter while considering both 
performance variables(Zhu and Lee, 1999). The cut-off size will decrease to the minimum 
value when the ratio of cyclone height to body diameter is around 4(Avci and Karagoz, 2003, 
Zhu and Lee, 1999). Vortex finder size plays an important role because it controls both the 
inner and outer spiral flows, which affects the flow field. Pressure drop increases and 
collection efficiency decreases while the vortex finder is becoming longer, which is bad for 
the performance(Zhu and Lee, 1999). The decrease of vortex finder diameter leads to the 
increase of collection efficiency and pressure drop(Lim et al., 2004). The effect of different 
shapes of vortex finder on cyclone performance was also studied by Lim, Kin et al. The 
results show that the collection efficiencies varied slightly with the change of length of cone-
shaped vortex finder, which means that the cone shape is not important to the particle 
collection efficiency. Pei et al inserted cross-shaped blade in the vortex finder to study the 
effect on the pressure drop. It is found that the cross-shaped blade can decrease the pressure 
drop significantly by 16.41%(Pei et al., 2017). In addition to the study of the geometry effect, 
scholars also focused on the flow conditions effect. They found that the collection efficiency 
increases significantly while increasing either particle size or the gas inlet velocity(Zhu and 
Lee, 1999, Wang et al., 2006). When the particle size is smaller than the cut-off size, the drag 
forces acting on the particle are larger than centrifugal forces, so it is attached to the gas and 
escapes from the top of the cyclones. However when particle size approaches the cut-off size, 
the drag force drops abruptly, therefore the difference between two particles are small so that 
particle motion is governed by the turbulence. When the particle size is larger than the cut-off 
size, the centrifugal force dominates comparing to drag force so that particle separates from 
the gas and is collected at the bottom(Song et al., 2016). The increasing inlet gas velocity 
enhances centrifugal forces of particles in the cyclone so that particles are easier to be 
collected. However, at the same time, the pressure drop increases with the increase of gas 
velocity(Wang et al., 2006). Hoffmann found that solids-loading is another important factor 
when considering cyclone separation efficiency and pressure drop.  He observed a strong 
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decrease in pressure drop and an increase of fractional efficiency with increasing the mass 
loading of particles (Hoffmannc et al., 1992). The study of Derksen showed that gas flow 
field has significantly changed as a result of the presence of solid particles. The higher the 
solid loading is, the more swirl is reduced. Then the reduced swirl reduces the pressure drop. 
The kinetic energy representing gas velocity fluctuations also reduces strongly due to the 
presence of particles, which improves collection efficiency(Derksen et al., 2006). 
2.3 Condensational growth of fine particles 
The growth of particles is strongly influenced by condensation process as shown in Figure 2.4. 
Condensational growth of particles requires the presence of supersaturated vapour in the gas 
phase. It has been studied in detail both theoretically and experimentally. The growth of 
particles is determined by the simultaneous mass and heat flux in the surrounding gas. Barrett 
and Clement derived an expression for the mass flux in the continuum regime. The only 
approximation in their equation is that the combination of thermos-physical properties is 
treated as a constant. The mass flux is related to the droplet growth rate which is determined 
by heat flux, which uses energy conservation to relate heat flux to mass flux through the 
difference between surface and ambient temperature(Barrett and Clement, 1988). Kulmala et 
al presented an improved expression for the continuum regime, which takes into account the 
temperature dependence of the binary diffusion coefficient. The factor will be significant for 
non-isothermal cases, where the binary diffusion coefficient changes greatly due to the large 
temperature gradients(Kulmala et al., 1989). They also compared various analytical and 
numerical solutions when considering condensation of water, methanol vapour. All solutions 
yielded nearly identical results at low supersaturation ratio. However, the analytical solutions 
overestimated the growth rate at high supersaturation ratio while numerical methods were in 
good agreements with each other(Kulmala et al., 1989). In 1991, Kulmala et al investigated 
the effect of Stephan flow and temperature profiles on the growth time. They found that both 
two factors would not affect the droplet growth time significantly(Kulmala and Vesala, 1991). 
A new analytical solution, including semi-empirical transition regime corrections for mass 
and heat transfer adopted from Fuchs and Sutugin, was derived to predict more accurate 
droplet growth time. It showed good agreement with more precise numerical models while 
saving in computing time(Kulmala, 1993). The analytical solution was modified by Park and 
Lee to generate an explicit form of droplet radius or diameter as a function of time. The 
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results of transition corrections calculated by harmonic mean method were in good agreement 
with that calculated by the method of Fuchs and Sutugin. When comparing the method of 
Fuchs and Sutugin, the harmonic mean method was the simplest approach and provided a 
solution in an explicit analytical form. Therefore it replaced the method of Fuchs for 
calculating droplet diameter change in transition regime(Park and Lee, 2000). 
 
Figure 2.4. Particle growth due to vapour condensation 
The phenomenon of formation and subsequent growth of atmospheric aerosol particles has 
been observed at a large amount of areas in the past decades. Measurements of particle 
formation and growth have been performed on different platforms and over different time 
periods. Therefore based on the existing data extracted from 100 investigations, Kulmala 
concluded that the formation rate of 3-nm particles in the boundary layer ranges from 0.01-10 
cm-3s-1 while the formation rate in urban areas is often higher than this, the rate is as high as 
104-105  cm-3s-1 in the coastal area. The subsequent growth rate of particles varies in the 
different latitudes, ranging from 1to 20 nm h-1 depending on the temperature and condensable 
vapour concentration in mid-latitudes and being as low as 0.1nm h-1 over the polar 
areas(Kulmala et al., 2004). Various growth mechanisms of aerosol particles (condensation, 
surface reaction, volume reaction) were tested to find out the appropriate one. The results 
presented that the observed growth could be explained by the condensation growth 
mechanism rather than two other mechanisms(Kulmala et al., 1998).  
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In fact the condensational growth process has been applied to separate fine particles from gas, 
which proves its effectiveness (Heidenreich and Ebert, 1995, Heidenreich et al., 2000, Yang 
et al., 2010, Bao et al., 2012, Xu et al., 2017, Fan et al., 2019). Heidenreich and Ebert showed 
that the precondition of particles with water vapour can improve the separation of particles 
from a gas in a cascade cylinder (Heidenreich et al., 2000). The experimental results from 
Heidenreich et al showed that submicron particles can grow into droplets with a mean size of 
3 µm with the vapour concentration is 5.5g/m3 (Heidenreich and Ebert, 1995). They also 
found that increasing vapour condensation and decreasing gas temperature can increase 
supersaturation and then increase the growth rate. The growth process was applied in a 
cascade of packed columns to collect particles. High collection efficiency can be obtained by 
fully developing the particle growth through cascading more columns (Heidenreich et al., 
2000). Yang et al. (Yang et al., 2010) added steam in a wet flue gas desulfurization (WFGD) 
system to help remove fine particles. They found that the performance of the WFGD system 
can be significantly improved due to the particle growth in the added stream (Yang et al., 
2010, Bao et al., 2012). 
2.4 Vapour condensation in condensers 
Vapour condensation with non-condensable gas phenomenon plays an important role in the 
design of heat exchangers in the chemical and power industries. When the vapour-air mixture 
gas is injected into the containment, the vapour condenses on the walls and releases latent 
heat, which increases heat transfer at the interface. However, the non-condensable gas 
accumulates on the wall and forms a boundary layer as a thermal resistance of heat transfer. 
This layer is developed alongside the condenser tube and regrades the condensation 
performance as shown in Figure 2.5 (Huang et al., 2015). A large number of experimental and 
theoretical studies have been done to investigate the effect of the non-condensable gas on the 
performance of vapour condensation (Pele et al., 1994, Oh and Revankar, 2005, Oh and 
Revankar, 2006, Dharma Rao et al., 2008, Li et al., 2011, Lee and Rose, 1984, Kuhn, 1995). 
Experimental studies focused on the measurement of condensation rate and heat transfer to 
verify the effect of non-condensable gas quantitatively, and then provided data for validation 
of theoretical models (Lee and Rose, 1984, Pele et al., 1994, Oh and Revankar, 2005, Oh and 
Revankar, 2006, Kuhn et al., 1997). In 1984 Lee et al (Lee and Rose, 1984) successfully 
obtained accurate heat-transfer data such as surface temperature and heat flux for vapour 
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condensation with non-condensable gas (NCG) such as air and nitrogen. All the experimental 
results agree well with the theoretical results obtained from approximate equations for film 
condensation with NCG (Rose, 1980). Pele (Pele et al., 1994)studied the effect of the gas flow 
direction on the condensation performance. The results showed that the effect of inlet flow 
rate is more important than the temperature. They also found that the condensation rate 
increases with increasing mass flow rate of the mixture gas. Oh et al (Oh and Revankar, 2005) 
found that the heat transfer rate increases with increasing the inlet flow rate and system 
pressure while heat transfer coefficient increases with the increase of inlet flow rate and the 
decrease of the system pressure.  
 
Figure 2.5. Vapour condensation with non-condensable gas on the walls 
Theoretical studies can be divided into semi-theoretical models of which some parameters of 
the correlation is obtained from the experiments and theoretical models which solves mass, 
momentum and energy equations and make no use of the experimental data. Heat and mass 
analogy method is one of the common semi-theoretical models. It’s based on the heat balance 
at the interface, where heat transfer from the vapour-gas layer and to the liquid film is equal. 
Oh et al (Oh and Revankar, 2006) proposed a heat and mass analogy model to predict the 
vapour condensation with NCG, which uses momentum, heat and mass correlations and 
considers the Transpiration effect. The theoretical results of average heat transfer coefficient 
and local heat transfer coefficient were compared with their own and Kuhn’s experimental 
results (Kuhn, 1995, Oh and Revankar, 2006), which reaches good agreement. Liao et al 
(Liao et al., 2009)studied the reflux condensation of vapour and NCG counter-current to 
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liquid film with this method. They found that the local film condensate behaviour should be 
treated separately between co-current and counter-current condensation. Boundary layer 
model is widely used in theoretical models to describe condensate film and vapour-gas region. 
It solves momentum, mass, energy and diffusion equations for the vapour-gas mixture and the 
momentum and energy equations for the condensate film simultaneously (Huang et al., 2015). 
Rao (Dharma Rao et al., 2008) studied the effect of system parameters like relative humidity, 
the mixture temperature and gas Reynolds number on the local values of the condensation 
Nusselt number, gas-liquid interface temperature and pressure drop by means of boundary 
layer model. The results agree well with the experimental results in literatures and showed 
that the condensation rate and heat transfer coefficient decrease significantly with the 
presence of NCG. Li et al (Li et al., 2011) developed a theoretical model to predict the 
condensation rate and mixture temperature and wall temperature for both co-current and 
counter-current flow condensers by solving heat and mass transfer equations. They found that 
the buoyancy effect should be considered in the system with a large temperature difference 
between the condenser wall and the coolant as its effect on heat transfer is large and cannot be 
ignored. 
Recently, CFD method has been applied to study the vapour condensation with NCG as CFD 
can model this phenomenon in complicated geometries and solve the mass and heat transfer 
equations with less assumption (Mimouni et al., 2011, Dehbi et al., 2013, Li, 2013, Vyskocil 
et al., 2014, Zschaeck et al., 2014). In CFD simulations, the mass transfer from vapour to 
liquid is treated as a source term in the conservation of the mass equation and the liquid film 
is assumed to be neglected (Li, 2013, Dehbi et al., 2013). With the aid of CFD method, the 
local information such as wall temperature, heat flux and axial velocity at different axial 
positions can be obtained to further investigate the vapour condensation. Li (Li, 2013) found 
that the axial velocity at the interface is not small and cannot be neglected. In order to 
consider the suction effect on the heat transfer, Dehbi et al (Dehbi et al., 2013) added a 
suction factor into CFD model to enhance the heat transfer. Their results show good 
agreement with the experimental results, which proves the capability of CFD method. 
Zschaeck (Zschaeck et al., 2014)investigated the vapour mass fraction distribution in the 
condenser tube. Figure 2.6 shows the results of the distribution. It shows that mass fraction of 
vapour decreases from the inlet to the end of the condenser tube and the decrease is more 
significant at the interface.  
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Figure 2.6 Water steam mass fraction and cooling water temperature along streamlines (Zschaeck et al., 2014) 
It should be noted that Chapter 3 and Chapter 4 are prepared to submit to journal publications 
(actually Chapter 3 has already submitted and under second review). And the work in Chapter 
4 is the further studies based on Chapter 3. Therefore, there are similar contents in the 
introduction parts of these two Chapters.  
 
  
16 
 
3 NUMERICAL STUDY ON THE EFFECT OF 
SUPERSATURATED VAPOUR ON THE CYCLONE 
PERFORMANCE 
This Chapter presents a CFD study on the effect of the supersaturated vapour on the 
performance of a gas cyclone used in the cloud-air-purifying (CAP) technology. The 
condensational growth of particles is modelled in the CFD model. Its positive effect on the 
collection efficiency is confirmed and more clearly understood from microscopic 
investigations. It is revealed that particles with the same initial size can grow into a narrow 
size distribution, yet the average growth ratio is increased with the increase of the 
supersaturation ratio in the cyclone and the decrease of the initial particle size, resulting in a 
significant improvement of the collection efficiency for fine particles. Such improvement is 
further depicted through the analyses of the escaping particle flow patterns. Based on the 
microscopic data, a previous predictive model is adapted to include the effect of the 
supersaturated vapour. These studies can help understand and optimize the CAP cyclone. 
3.1 Introduction 
Gas cyclones are widely used in purifying industrial waste gases by separating particles from 
gases (Hoffmannc et al., 1992). because of their favourable balance between separation 
performance and cost of manufacture, operation and maintenance comparing to other devices 
(Wang et al., 2006, Zhu and Lee, 1999). So far many efforts have been made to optimize a 
gas cyclone by improving the collection efficiency and decreasing the pressure drop. 
Previously these optimizations were mainly focused on cyclone geometry and operational 
conditions (Hoffmannc et al., 1992, Zhu and Lee, 1999, Gil et al., 2002, Avci and Karagoz, 
2003, Lim et al., 2004, Zhao et al., 2004, Pei et al., 2017, Elsayed and Lacor, 2011). For 
example, it was found that the most desirable operation is to guarantee the natural vortex 
length is no shorter than the physical length of the cyclone (Qian and Zhang, 2005, Cortes and 
Gil, 2007), which is strongly influenced by the inlet velocity (Avci and Karagoz, 2003, Zhu 
and Lee, 1999), wall roughness and geometrical factors such as those of the inlet (Zhao et al., 
2004, Elsayed and Lacor, 2011) and vortex finder (Lim et al., 2004, Avci and Karagoz, 2003). 
On the other hand, increasing solid loading to a small extent can both improve the collection 
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efficiency and decrease the pressure drop (Hoffmannc et al., 1992, Derksen et al., 2006). 
However, gas cyclones are still inefficient at separating fine particles (Bernardo et al., 2006, 
Wang et al., 2017, Zhao et al., 2004, Elsayed and Lacor, 2011). This is because, as revealed in 
previous studies (Wang and Yu, 2010, Song et al., 2016), the centrifugal force on a particle 
that leads to its separation from gas will be surpassed by the drag force if the particle is very 
small. Therefore, increasing particle size in the process may be an effective way to improve 
the collection efficiency of fine particles in a gas cyclone. 
In natural clouds, very fine particles can act as cloud condensation nucleus (CCN) and enlarge 
in size with the condensation of the supersaturated vapour on the surface. Such 
condensational growth has been studied theoretically in cloud physics (Barrett and Clement, 
1988, Kulmala and Vesala, 1991, Kulmala, 1993, Park and Lee, 2000, Kulmala et al., 1989, 
Nadykto et al., 2003). Interestingly similar processes have been artificially produced to help 
separate submicron particles from gases (Heidenreich et al., 2000, Yang et al., 2010, Bao et 
al., 2012).  
More recently, by exploiting the condensational growth, a new particle removal technology, 
the cloud-air-purifying (CAP) technology, is developed to enhance the collection efficiency of 
fine particles in the super gravitational field in a gas cyclone (Wang et al., 2018). 
Experimental results have indicated the particle growth in the CAP cyclone and its positive 
effect on the collection efficiency. As an innovative technology, the microscopic 
understanding of such a process, e.g., how the dust particles grow inside the cyclone and how 
the growth will affect the dynamics of the particles, are essential for the process control and 
optimization. However, it is difficult to study this process at the microscopic scale by 
experiments, while numerical simulation based on computational fluid dynamics (CFD) 
provides a cost-effective alternative.  
CFD have been widely used in studying gas cyclones and other cyclones (Wang et al., 2006, 
Cortes and Gil, 2007, Derksen, 2003, Wang and Yu, 2010, Song et al., 2016, Kuang et al., 
2014, Ji et al., 2017, Li and Lu, 2018). These studies have shown that CFD is an effective tool 
in understanding multiphase flows in gas cyclones. However, CFD studies on the new CAP 
cyclone are few and preliminary (Wang et al., 2018). In this paper, we propose a CFD based 
model to study the effect of the supersaturated vapour on the CAP cyclone performance by 
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considering the condensational growth of particles. Particles are modelled by the modified 
LPT to consider condensational growth. The present model is focusing on elaborating such an 
effect. It is verified by good agreement between the simulated and measured results in terms 
of the total efficiency. There are certain underestimations of the grade efficiencies of smaller 
particles which are probably due to the neglect of collision coalescence, while the model 
qualitatively reproduces the improvement of the grade efficiencies with the increase of the 
supersaturation ratio. More importantly, facilitated by the microscopic information obtained 
from the simulations, the life cycle of different sized particles in the cyclone, together with 
their growth, are traced and analysed to improve the microscopic understanding of the effect 
of the supersaturated vapour. The size distribution of particles after passing through the 
cyclone, and the vertical distribution of the average size of the particles in the cyclone are 
quantitatively analysed. Moreover, three flow patterns of escaping particles are identified and 
analysed, which reveals the different effects of the supersaturated vapour on these patterns. 
Based on the simulation data and the findings, a predictive model for the grade efficiency of 
the CAP cyclone is proposed. This study will not only improve our understanding on the 
microdynamics of the particles in the CAP cyclone, but also can help optimize the CAP 
technology.  
3.2 Model description 
A CAP cyclone involves multiphase flows of air, vapour and particles. Similar to previous 
studies, the model is divided into two steps with the air flow and particle flow modelled 
successively. As illustrated in Figure 3.1, in step 1, only the air is considered. The air flow is 
modelled by CFD which solves the Navier-Stokes equations. The Reynolds stress model 
(RSM) is applied to simulate the strong and anisotropy turbulence in the cyclone as RSM can 
satisfactorily simulate the anisotropy of the fluctuating tangential and axial velocities due to 
turbulence in a cyclone (Hoekstra et al., 1999, Derksen, 2003). In step 2, different sized 
particles are injected. Here we adopt the Lagrangian particle tracking (LPT) to trace the 
particles in the cyclone and the condensational growth of particles is modelled via a user-
defined-function (UDF), which will be described in details later. Through these multi-steps 
modelling, we can obtain the information of both the air flow and the particle flow. 
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Figure 3.1. Modelling process of CAP cyclone. 
Note there are different numerical models for simulating the particle flow in a gas cyclone. 
For a dilute particle flow, the Lagrangian particle tracking (LPT) method is mainly used, 
which ignores the effect of the particles on the flow field and the interaction between the 
particles (Wang et al., 2006, Cortes and Gil, 2007, Song et al., 2016). For a dense particle 
flow, discrete-element-method (DEM) models which can consider both gas-particle and 
particle-particle interactions have been developed and coupled with CFD in one-way and two-
way schemes (Feng and Yu, 2004, Chu and Yu, 2008, Chu et al., 2011, Chu et al., 2008),  
whereas the computational effort is much more demanding so coarse-grained models are 
recently developed (Chu et al., 2011, Ji et al., 2018, Chu et al., 2016). Although DEM is better 
than LPT in considering particle-particle collisions, it has been tried but not adopted in the 
present work due to the following reasons. Firstly, the solid flow is rather dilute in the system, 
for which the LPT model is shown to be efficient in previous studies (Song et al., 2016, Wang 
et al., 2018, Wang et al., 2006), and also in our tests which will be shown later. Secondly, in 
the system there are about 1011 particles which are very difficult to be modelled directly by 
DEM. The so-called coarse-grained models may reduce the particle number but currently they 
cannot consider the condensational growth and collision coalescence. Last but not the least, as 
the CAP cyclone is a new process that has not been previously modelled, the development of 
the comprehensive model would be a multi-stage and long-term task. For example, we are 
trying to establish the collision kernel (Ayala et al., 2008a, Ayala et al., 2008b) for the 
particles in the cyclone to consider the collision coalescence in a statistic way, but such a 
kernel is currently only available in cloud physics (Xue et al., 2008, Wang et al., 2008), and to 
adapt it to our system is non-trivial yet interesting for future studies. 
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3.2.1 Air flow model 
The governing equations for an incompressible fluid are the Reynolds-averaged Navier-
Stokes (RANS) equations, which are given by: 
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where the Reynolds stresses related to turbulence, '' jiuuρ , must be modelled to close Eq (3.2). 
The transport equation for the Reynolds stresses is modelled by the Reynolds stress model 
(RSM), given by: 
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Here the two terms at the left side are the local time derivative of stress and the convective 
transport term respectively, and the first four right terms are respectively given by: 
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dissipation term: 
k
j
k
i
ij x
u
x
u
∂
∂
∂
∂
−=
''
2µe           (3.7) 
The fifth right term userS  is the user-defined source term, which is not considered in the 
current model. 
3.2.2 Lagrangian particle tracking (LPT) model 
LPT is applied to track particles through the calculated flow field by means of Newton’s 
second law. It is a typical Euler-Lagrangian multiphase flow model, which can be used to 
simulate the motion of a discrete phase in the Lagrangian coordinate system. Note here the 
LPT model ignores the effect of the discrete phase on the gas phase and interactions between 
particles which are negligible in a dilute solid flow (Song et al., 2016, Wang et al., 2006). The 
force balance on the particle phase can be written as: 
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where F

 is an additional acceleration term (force/unit particle mass), 
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Here, both the spherical drag law and non-spherical drag law are considered. For spherical 
particles, the drag coefficient, dC , can be given by: 
2
32
1 Re
a
Re
aaCd ++=                   (3.10) 
where 1a , 2a , 3a  are constants that apply over several ranges of Re given by Morsi and 
Alexander (Morsi and Alexander, 1972). 
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For non-spherical particles, dC  can be calculated from: 
( )
Reb
RebReb
Re
C 2bd +
++=
4
3
11
24
                (3.11) 
where  
)4486.24581.63288.2exp( 21 φφ +−=b                 (3.12) 
φ5565.00964.02 +=b                   (3.13) 
)2599.104222.188944.13905.4exp( 323 φφφ −+−=b               (3.14) 
)8855.157322.202584.124681.1exp( 324 φφφ +−+=b               (3.15) 
The shape factor, φ , is defined as the ratio between the surface area of a sphere having the 
same volume as the particle and the actual surface area of the particle. 
When the flow is turbulent, the instantaneous value of the fluctuating gas flow velocity u′  
should be included to predict the dispersion of the tracked particles due to turbulence. Here 
the turbulent particle dispersion is modelled by using the instantaneous fluid velocity, uu +′
in the governing equations of particles. The values of u′ , v′ , w′  that prevail during the 
lifetime of the turbulent eddy are sampled by assuming that they obey a Gaussian probability 
distribution and  given by 
2
ii uu ′=′ ζ                     (3.16) 
2
ii vv ′=′ ζ                     (3.17) 
2
ii ww ′=′ ζ                     (3.18) 
where ζ  normally distributed random number. Here the anisotropy of the turbulent flow is 
considered based on the RSM turbulent model. 
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3.2.3 Condensational growth model 
For the growth of a particle due to vapour condensation, its mass change rate should be equal 
to the mass flux flowing through the surface, given by (Kulmala, 1993): 
dt
drr
dt
dMI lc
24πρ−=−=                   (3.19) 
where cI  is the mass flux, M  is the particle mass, lρ  is the liquid density, r  is the particle 
radius. On the other hand, by considering the transition regime corrections and the Kelvin 
effect, the mass flux can be also given by: 
( ) ( ) ( )[ ] 2
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ππ              (3.20) 
Where vS  is the supersaturation ratio of the ambient environment, aS  is the supersaturation 
ratio at the particle surface, RQ  is the radiation emission, L  is the latent heat of vaporization, 
vM is the molar mass of the water vapour, K  is the thermal conductivity of the gas mixture, 
R  is the gas constant, ∞T  is the ambient temperature, cD  is the binary diffusion coefficient, 
vep  is the saturation vapour pressure for a flat surface, p  is the total pressure. Mβ  and Tβ  
are the transitional correction factors for the mass and heat flux respectively, which can be 
given by the following equations (Park and Lee, 2000):  
r
v
M 3
41 λβ +=                    (3.21) 
r
g
T 3
4
1
λ
β +=                     (3.22) 
where vλ  and gλ  are the mean free paths of vapour and gas (air) molecules respectively. 
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In the transition regime, the excess emission of radiation, RQ , can be neglected. Particle size 
in our study ranges from 0.5-10 μm where 1≈aS  (Kulmala, 1993). So combining Eq (3.20), 
(3.21) and (3.22) and considering the simplifications, the mass flux can be given by: 
( ) ( ) ( )[ ] 2
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From Eq (3.19) and (3.23), we have: 
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ρ  is the parameter based on the mass transfer 
resistance of droplet growth, 2
2
∞
=
RKT
MLNT vρ  is the parameter related to the heat transfer 
resistance of droplet growth. Integrating Eq (3.24) we have: 
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which describes the change of the radius r of a particle with the growth time t. Eq (3.25) has 
been applied to predict the droplet growth studied in Nadykto’s experiments (Nadykto et al., 
2003), and the results are in good agreement with the experimental data (Nadykto et al., 2003) 
as shown in Figure 3.2. 
Eq (3.25) is implemented in FLUENT LPT model through a UDF. The parameters used in the 
particle growth model are listed in Table 3.1. At each time step, the size of each particle is 
updated based on the condition of its surrounding environment to implement the 
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condensational growth. The particle size will affect the particle-fluid interactions and hence 
the particle flow, which will be considered in the FLUENT LPT model automatically. 
 
Figure 3.2. Comparison of Nadykto’s experimental value and simulated value. 
Table 3.1. Parameters used in particle growth model 
Symbol Definition Value 
r particle radius 0.5-10 μm 
ρl density of liquid 1000 kg/m3 
Sv supersaturation ratio  1.0, 1.127, 1.169, 1.211, 1.253 
L latent heat of vaporization 2.26 × 106 J/kg 
Mv molar mass of water vapour 0.018 kg/mol 
K thermal conductivity of gas mixture 0.018 w/(m·K) 
R gas constant 8.314 J/(mol·K) 
T∞ ambient temperature 303 K 
Dc binary diffusion coefficient 2.57 × 10−5 m2/s 
pve saturation vapour pressure for a flat surface 4.23× 103 Pa 
p total pressure obtained from the flow field 
λv mean free path of vapour molecules 138 nm 
λg mean free path of gas molecules 74 nm 
3.3 Simulation conditions 
Figure 3.3a and Table 3.2 show the structure and dimensions of the Lapple gas cyclone used 
in the physical experiments (Wang et al., 2018), which is also used here. The whole 
computational domain is divided by a structured hexahedral mesh, as shown in Figure 3.3b. In 
the vicinity of the wall and the vortex finder, the grids are refined. The total number of grids 
is 232800. The grid-independency has been verified before selecting this mesh. Six cases with 
grid numbers of 99200, 142400, 186300, 232800, 283300 and 333000 have been tested. The 
simulated pressure drop and tangential velocity distribution as functions of grid number are 
shown in Figure 3.4. As seen, both parameters change obviously with the number of grids 
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increasing from 99200 to 232800, but then only present small differences with the further 
increase of the grid number. Particularly, using 232800 grids, the pressure drop has less than 
0.5% error from those using more grids, and the velocity distribution almost collapses with 
those using more grids. Therefore, the model with 232800 grids is used. 
     
                    (a)                           (b) 
Figure 3.3. (a) Schematic of the CAP cyclone and (b) the mesh used in the simulations. 
 
(a)                                                                           (b) 
Figure 3.4. Grid independence tests: (a) simulated pressure drop as a function of grid number; and (b) spatial 
distribution of tangential velocity at z=-0.05, simulated with different grid numbers. 
Table 3.2. Physical dimensions of the CAP cyclone 
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Parameter Symbol Value (mm) 
Cylinder diameter D 200 
Inlet height b 100 
Inlet width a 50 
Vortex finder diameter De 100 
Length of Vortex finder S 140 
Cylindrical length h 400 
Cyclone body length H 800 
Duct diameter B 50 
A “velocity inlet” boundary condition is used for the gas inlet and the “pressure outlet” for the 
outlet boundary. No-slip conditions are set at the wall. The standard wall function method in 
Fluent is used for near wall treatment as y+ is more 15 in our cases to simulate the wall-
bounded turbulence. According to the experiment, the inlet gas velocity and particle velocity 
are both 16 m/s. The gas density is 1.225 kg/m3 and the gas viscosity is  
1.7894×10-5 kg/(m∙s). The second-order upwind difference scheme and the SIMPLEC 
pressure-velocity coupling algorithm are used. The unsteady solver is used, and the time step 
is 0.005 s. 
After the simulated mass and momentum are converged, the gas flow field can be considered 
as stable. Then the molecular sieve particles with a density of 3800 kg/m3, which were used in 
the experiments (Wang et al., 2018), are injected at the inlet. An “escape” boundary condition 
is set to the top outlet, a “trap” boundary condition to the bottom and a “reflect” condition to 
the wall. In particular, particle-wall collision in the cyclone can be considered through the 
rough wall model in ANSYS Fluent. The wall is assumed to be smooth, and the particle-wall 
collision is assumed to be elastic and frictionless. The coefficient of restitution is 1 which is 
widely used (Derksen et al., 2006). The particles are tracked by the LPT model coupled with 
the condensational growth model. The supersaturation ratio vS  is calculated as the ratio 
between the injected vapour concentration and the saturated vapour concentration at the 
circumstance temperature. A series of vS  is derived from the measured inlet vapour 
concentrations in the experiments, as listed in Table 3.1. In this Chapter, we assume that the 
cyclone will maintain a constant and uniform supersaturated condition in the steady state, 
while the distribution of the vapour will be considered in Chapter 4. 
The cumulative particle size distribution (PSD) for the studied particles is shown in Figure 3.5. 
Accordingly, in the LPT simulation, we consider 20 particle sizes including: 0.5 μm, 1 μm, 
1.5 μm, …, 10 μm. For each size, 2200 particles are tracked as sample particles to determine 
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the grade efficiency, defined as the volume ratio of the collected particles to that of the inlet 
particles. Then the total efficiency is calculated using the grade efficiencies of different sized 
particles and the PSD, in which the grade efficiency of the particles smaller than 0.5 μm is 
assumed to be equal to that of 0.5 μm particles, and the grade efficiency of the particles larger 
than 10 μm is assumed to be equal to that of 10 μm particles. There are totally 44000 particles 
considered in the simulation to obtain the full grade efficiency curve. Due to the strong 
turbulent flow in the cyclone, we have examined how many sample particles are required to 
guarantee the convergence of the LPT results. Collection efficiencies calculated by injecting 
different numbers of particles in LPT simulations are shown in Figure 3.6. It can be seen that 
the collection efficiency of particles with different sizes (1-3 μm) decreases when particle 
number increases from 220 to 1320. When particle number is greater than 2200, the results do 
not have major changes. For example, the collection efficiency is 57% with 2200 particles and 
57.9 % with 11000 particles for 1 μm particles, which is just a slight change. We also note 
that here LPT model is coupled with the fluid flow in one-way scheme, so when the number 
of sample particles is 2200, the separating behaviour of sample particles can represent the 
behaviour of total particles; this is an appropriate number for the dilute flow studied here, as 
also shown in previous studies (Song et al., 2016, Wang et al., 2018), whereas two-way 
coupling scheme should be used for a dense particle flow (Chu et al., 2011). 
 
Figure 3.5. Measured PSD of the particles used in this work. 
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Figure 3.6. Collection efficiency obtained by injecting different number of particles. 
3.4 Results and discussions 
3.4.1 Model validation  
We firstly apply our model to simulate the experiments reported in Ref (Wang et al., 2018) 
and compare the predicted grade efficiency with the measured data. In this process, we find 
that the shape factor, φ , used in the LPT model may affect the predicted results. φ  is 
considered mainly in the drag force calculation. In the experiments, the particles before 
entering the cyclone were found to be not spherical. However, the collected particles are not 
easy to measure as they are mixed with the slurry, while other experimental studies showed 
that particles will become more spherical after condensational growth (Zhang et al., 2008). 
Due to insufficient experimental techniques to measure the accurate shape factor, we fit the 
shape factors at two extreme conditions with the measured grade efficiencies of d50 (4 µm) 
particles. One condition is for the cyclone with no saturated vapour, corresponding to vS =1.0, 
and the other is that with the maximum supersaturation ratio vS =1.253. The two fittings give 
φ =0.1 for vS =1.0 and φ =0.4 for vS =1.253 respectively. Then φ  at other vS  is linearly 
interpolated and used in the simulations. 
Figure 3.7a shows the comparison of the simulated and measured total collection efficiencies 
as a function of vS . Qualitatively the model shows a good agreement with experiments by 
reproducing the increase of the total efficiency with the rise of vS . Quantitatively the 
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simulation results are more accurate at a smaller vS  but show an increasing underestimation 
when vS  increases. This is probably due to the collision coalescence that has not been 
considered, which may play an important role when vS  is large. To further explore this, 
Figure 3.7shows the comparison of simulated and measured grade efficiencies as a function of 
particle size with different vS . Simulated grade efficiencies match well with the measured 
data when the particle size is over 2.5 µm. Large deviations are observed for smaller particles 
(<2.5 µm). The gap is probably because the process of collision and coalescence has more 
effect on separation efficiency for particles in this range. It can help small particles coalesce 
into a larger one and to be collected (Haig et al., 2014). The coalescence process is enhanced 
with the existence of vapour, which is also responsible for the increase in the discrepancy of 
the total efficiency.  But how to model this process is an unsolved challenging problem. As 
aforementioned, directly using DEM is not feasible due to the huge number of particles. The 
most possible way is to establish a statistical model like the collision kernel used in cloud 
physics (Xue et al., 2008, Ayala et al., 2008a, Ayala et al., 2008b). Yet to adapt the model to 
the cyclone flow is non-trivial which needs further effort. Nonetheless the model of 
condensational growth here gives us reasonable prediction for the total efficiency and the 
grade efficiency of the particles greater than 2.5 µm quantitatively, which confirms that 
condensational growth is a critical mechanism for the positive effect of the supersaturated 
vapour. More importantly, although the phenomenon has also been indicated in the 
experimental study (Wang et al., 2018), aided by the microscopic information obtained from 
numerical simulations, we will have a more in-depth analysis on such a process in the cyclone 
in the following sections. 
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(a)                                                                                           (b) 
Figure 3.7. Comparison between simulations and experiments: (a) simulated and measured total collection efficiencies 
as a function of Sv; (b) simulated and measured grade efficiencies of different sized particles with different Sv. Shape 
factor is considered in the simulations 
3.4.2 Effect of supersaturation ratio on collection efficiency for spherical 
particles 
By fitting the shape factor the model can be validated. However, to the best of our knowledge, 
there are no theoretical models to consider the shape factor variation in condensational growth. 
Therefore, in the current study, we mainly focus on the condensational growth of spherical 
particles, which has been firmly established theoretically (Kulmala, 1993, Park and Lee, 2000, 
Kulmala and Vesala, 1991). We note that this is for the first step in the modelling of the 
complicated particle-fluid flow in the CAP cyclone, the effect of shape factor will be 
theoretically considered in our future effort. 
The predicted effect of vS  on the collection efficiency of spherical particles is shown in 
Figure 3.8. It can be seen that the collection efficiency also increases with vS , which is in 
agreement with the experiments qualitatively. However, the particles will experience different 
trajectories and growths in the cyclone which can only be tracked in the numerical 
simulations. 
 
Figure 3.8. Simulated collection efficiency as a function of particle size with different Sv for spherical particles. 
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In our LPT simulations, all the injected particles are traced. When they exit, their sizes are 
recorded and compared to their initial sizes, denoted as d0. Figure 3.9 shows the size 
distribution of the collected particles. It can be seen that particles with the same d0 actually 
grow into different sizes when they are collected, as with the strong anisotropic turbulence in 
the cyclone, their trajectories will be different and so are their growth processes. It is shown 
that the distribution is always a Gaussian-like distribution with a sharp single peak. The peak 
of the distribution moves rightwards with the increase of vS , and the distribution also 
becomes broader, as shown in Figure 3.9a. Similarly, Figure 3.9b shows with the increase of 
d0, the peak will also shift rightwards with the width broadened, but not very significantly 
when d0 is smaller than 3 µm. Generally the size distribution is confined in a narrow range, 
for example, 70% particles with an initial size of 1 µm are collected with sizes between 6-7 
µm when vS  is 1.127 as shown in Figure 3.9a. Such a narrow distribution is similar for 
different d0 and vS , which suggests that the average value of the distribution can be 
representative for particles with the same d0. Therefore we will use the average size in the 
following analyses. 
 
                                              (a)                                                                                                       (b) 
Figure 3.9. Distribution of the final sizes of the collected particles: (a) with different Sv but the same d0 of 1µm, and (b) 
with different d0 but the same Sv of 1.253. 
The dependencies of the average final size and growth ratio of particles on the initial size at 
different vS  are shown in Figure 3.10. The growth ratio is defined as the average final size of 
the collected particles divided by d0. It can be seen that the final size increases with the 
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increase of vS  and d0, which makes the particle collection process more efficiently. 
Interestingly, although the initial sizes of the inlet particles range from 0.5 µm to 4 µm, when 
they exit the cyclone their average sizes grow into a narrow size distribution for a given vS  
Evidently, the growth ratio is higher for smaller size particles and lower for larger ones, 
according to the condensational growth equation (Eq (3.25)). Figure 3.10b shows that the 
growth ratio increases with the decrease of d0, especially when d0 is less than 2.5 µm. This 
explains why the effect of vS  is more significant for the collection efficiency of smaller sized 
particles, as shown in Figure 3.8. 
 
    (a)                                                                                        (b)  
Figure 3.10. (a) Average size and (b) growth ratio for collected particles as the function of initial size. 
The whole progress for the condensational growth of particles in the cyclone is also analysed. 
The trajectories of all traced particles with a given initial size are outputted from FLUENT 
LPT data, and each data point is treated as a particle in the cyclone, as shown in Figure 3.11a. 
Then the average particle size as a function of the depth in the cyclone is calculated and 
shown in Figure 3.11b. It can be seen that the average particle size increases when particles 
go deeper in the cyclone, and the rate of increase is faster in the top cylindrical part than in the 
bottom conical part. For example, 1 μm particles with vS of 1.253 can grow into 6.58 μm in 
the cylindrical part and then continue to increase from 6.58 μm to 8.59 μm in the conical part. 
On the other hand, the overall increase is larger for the particles with a smaller d0. The effect 
of vS is more critical than that of d0, as can be seen in Figure 3.11b. At the bottom of the 
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cyclone, the particles with d0 =1 μm at vS =1.253 can grow larger than those with d0 = 4 μm at 
vS =1.169. 
 
                      
                          (a)                                                                                                      (b) 
Figure 3.11. (a) Spatial distribution of particles in the cyclone outputted from LPT tracking, colour represents their 
size. (b) Average particle size in the cyclone as a function of the depth. 
3.4.3 Analysis of the escaping flow 
In the cyclone separation process, the injected particles will either be collected in the down-
stream flow or escape from the up-stream flow. The mechanism of the separation can then be 
understood from the particle flow patterns of either kind. Here we focus on the escaping 
particle flow and try to understand how the supersaturated water vapour affects their flow 
patterns. As the solid flow in the studied gas cyclone operation is a dilute flow, the motion of 
the solid particles is mainly governed by the air flow in the cyclone. Thus the air flow pattern 
is analysed first. The air flow in the gas cyclone basically shows a helical flow pattern, as 
depicted from the numerical simulation results in Figure 3.12. Mainly, the air is driven by the 
pressure at the inlet and circulates down to the bottom around the cyclone body. However, 
due to air turbulence and collision, a part of the air flows into the air core and escapes from 
the top, which is called secondary circulation. Previously, three kinds of secondary 
circulations were identified (Wang et al., 2006), which have also been found in our simulation. 
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Figure 3.12 shows examples of these three kinds of flows, while Figure 3.13 shows the 
distributions of velocities and turbulence inside the cyclone to help us understand the 
formation of these flows. 
 
Figure 3.12. Secondary circulations in the gas cyclone: A: short-circuiting flow, B: middle reverse flow, and C: bottom 
reverse flow. 
As shown in Figure 3.12, flow-A is defined as the short-circuiting flow, which represents a 
part of the air that hits the roof of the cyclone after entering the cyclone, then flows down 
around the outside of the vortex finder, and finally enters the air core from the bottom edge of 
the vortex finder and escapes. In Figure 3.13b, the region between the vortex finder and the 
cyclone wall at the right side, including a small region just below the vortex finder, shows 
largely inward radial velocities, which should be responsible for the short-circuiting flow. 
Moreover, Figure 3.13c shows large upward axial flow velocities along the inner wall of the 
vortex finder, which demonstrates that the short-circuiting flow will escape fast after entering 
the vortex finder.  
Flow-B in Figure 3.12 is called as the middle reverse flow. It is characterized by a part of the 
air that bypasses the short-circuiting flow and flows down to below the vortex finder, and it 
may be affected by the intense turbulence flow in this region, as shown in Figure 3.13d. 
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Therefore, a part of it may flow inwards, enter the air core and climb upwards rapidly along 
the air core. Finally, even a part of the air has not entered the air core either in flow-A or 
flow-B, but enters the conical part of the cyclone, a part of it may still enter the air core and 
escape through the up-stream flow, as with the decreasing diameter of the cyclone, the air 
core will overlap with the conical wall, which can be seen from Figure 3.13c. This part of the 
escaping flow is called as the bottom reverse flow and is shown as flow-C in Figure 3.12.  
 
(a)Tangential velocity 
 
(b) Radial velocity 
 
(c) Axial velocity 
 
(d)turbulent intensity 
Figure 3.13. Velocity profiles and turbulent intensity in the gas cyclone. 
The three kinds of secondary circulations of the air can deteriorate cyclone performance 
because they may carry particles to the escaping flow so that these particles cannot be 
collected. Thus the flow of the escaping particles can also be divided into three patterns, 
which are demonstrated in Figure 3.14. Three typical particles escaping through the short-
circuiting flow, middle reverse flow and bottom reverse flow patterns respectively are evident. 
Figure 3.14a shows that for particle-A escaping through the short-circuiting flow, it hits 
directly on the vortex finder when it enters the cyclone, and then just swirls on the outside 
wall of the vortex finder till finally enters the air core from the bottom of the vortex finder. 
Figure 3.14b shows that for particle-B escaping through the middle reverse flow, it does not 
hit the vortex finder but goes deeper in the cyclone. In the middle part above the conical part 
and below the vortex finder, it enters the air core and escapes.  On the other hand, as shown in 
Figure 3.14c, particle-C swirls all the way down to the conical part, but finally is dragged to 
the air core by the bottom reverse flow. 
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(a) Particle A: Short-circuiting 
flow 
(b) Particle B: Middle reverse 
flow 
(c) Particle C: Bottom reverse flow 
Figure 3.14. Escaping particle flow patterns, the first row is the front view and the second row is the top view. 
The evolutions of the radial distances to the centre axis and radial velocities of the three 
escaping particles are compared in Figure 3.15. Note only the time before they enter the air-
core is included as after that they simply escape. It can be seen from Figure 3.15a that all 
three particles circulate around the cyclone wall (Rc =0.1 m) for a while and then flow 
towards to the air core (cover a small range near Rc = 0.05 m), and their radial velocities are 
generally fluctuating between positive and negative values as shown in Figure 3.15c, 
indicating that they move farther or nearer to the air core randomly. However, Figure 3.15b 
demonstrates their major difference lies in the position where the circulating radius 
experiences a sharp decrease. For particle-A, the radial velocity turns from positive to 
negative quickly once it enters the cyclone, so its circulating radius drops sharply from 0.1 m 
to 0.055 m when it reaches a very shallow depth in the cyclone. For both particle-B and 
particle-C, however, the circulating radii maintain around 0.1 m for longer times than that of 
particle-A, allowing both particles to go deeper in the cyclone than particle-A. For particle-B, 
its circulating radius decreases from 0.088 m to around 0.05 m rapidly after it reaches below 
0.3 m due to a sharp decrease in the radial velocity. For particle-C, the circulating radius 
decreases after it enters the conical part of the cyclone (z<-0.4m). Hence particle-C has 
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chance to flow inwards and enter the air core, once the radial velocity turns to a negative 
value. 
 
        (a)  
        (b)  
 
(c)  
Figure 3.15. Comparison of the dynamics of the three particles with three flow patterns respectively: (a) circulating 
radius as a function of time, (b) circulating radius as a function of depth, and (c) Radial velocity as a function of depth. 
Dotted lines in (a) and (b) roughly indicate the boundary of the air-core. 
By identifying the three particle escaping flow patterns, we can investigate the different 
effects of the supersaturated vapour on them. Figure 3.16 shows the effect of vS  on the 
fractions of the escaping particles to the total injected particles through the three flow patterns. 
Generally most particles escape through the short-circuiting flow and middle reverse flow 
rather than through the bottom reverse flow. Evidently, when the vapour is not saturated and 
condensational growth does not happen, the fractions of escaping particles in all three flow 
patterns increase with the decrease of the initial particle size, especially for the particles 
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.00 0.05 0.10 0.15 0.20
R
ad
iu
s(
m
) 
Time(s) 
Particle-A
Particle-B
Particle-C 0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 0.1 0.2 0.3 0.4 0.5 0.6
R
ad
iu
s(
m
) 
-Zposition(m) 
Particle-A
Particle-B
Particle-C
-20
-15
-10
-5
0
5
10
0 0.1 0.2 0.3 0.4 0.5 0.6
R
ad
ia
l v
el
oc
ity
(m
/s
) 
-Zposition(m) 
Particle-A
Particle-B
Particle-C
39 
 
smaller than 3 µm. Hence it is difficult to separate 2 µm particles with a conventional cyclone. 
However, with the supersaturated vapour, the fractions of three kinds of escaping particles all 
decrease, resulting in a general improvement in collection, particularly when the initial 
particle size is smaller than 3 µm, as the grow ratio shows a significant rise when d0 decreases 
to below 3 µm in Figure 3.10b. 
For those particles escaping through the short-circuiting flow, the increase of vS  decreases the 
fraction obviously, but this fraction is still the largest among the three flow patterns, because 
there is only a very short time for them to grow. On the contrary, for particles escaping 
through the middle reverse flow, the fraction decreases more significantly with the increase of 
vS . For example, the fraction of 1 µm particles escaping through the middle reverse flow 
drops from 13% to 4% when vS is 1.253, which is a relative 70% decrease. Comparatively, 
the fraction for those escaping through the short-circuiting flow drops from 30% to 18%, 
which is a relative 40% decrease only. The more significant drop for the middle reverse flow 
is because when particles reach deeper in the cyclone they grow for longer and hence larger, 
as can be seen in Figure 3.11b. The different effects of vS  indicate that although the 
supersaturated vapour can lead to the growth of particles, how to increase their residence time 
is a concern as most escaping particles are through the short-circuiting flow. Note that the 
fraction of particles escaping through the bottom reverse flow is always negligible, as shown 
in Figure 3.16c, so we do not discuss it particularly.  
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(c) 
Figure 3.16. Effect of supersaturation ratio on the fraction of particles escaping through (a) short-circuiting flow, (b) 
middle reverse flow, and (c) bottom reverse flow. 
3.4.4 Predictive model  
In the literatures, some models have been formulated to predict the collection efficiencies of 
different sized particles in a gas cyclone. The model proposed by Leith and Licht is widely 
used for particles larger than 1 µm (Cortes and Gil, 2007), which is given by: 
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where pρ  and 0d  are the density and diameter of particles respectively, µ  is the viscosity of 
the air; D  is the cyclone diameter; iv  is the inlet velocity and rest  is the average residence 
time of particles in the cyclone. Here rest  is obtained directly from the simulation data. 
Figure 3.18a demonstrates that Leith’s model can effectively predict the collection efficiency 
for the simulated dry cyclone, with fitted parameter 𝛼𝛼 =1.2. However, from the figure it can 
also be seen that this model cannot predict the CAP cyclone without considering the 
supersaturated vapour. Hence modifications are made to extend Eq (3.26) for the CAP 
cyclone by considering the condensational growth of particles in the supersaturated vapour. It 
is found that for particles with a given initial size, by replacing the particle size in the original 
equation with the average size of the escaping particles, the predicted collection efficiency 
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can match the simulated results, as shown in Figure 3.18a. Therefore the droplet growth 
equation is used to estimate the averaged size of the escaping particles escd  and then the 
collection efficiency can be predicted by the revised model, given by: 
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and rest  is the average residence time of the escaping particles directly obtained from 
simulations. Figure 3.17 shows that esct  and rest  do not change much with vS  or 0d . Hence 
we adopt 0.09s for esct  and 0.33s for rest  in the predictive model for the studied CAP cyclone. 
 
                                                     (a)                                                                                                    (b)  
Figure 3.17. Average residence time for (a) escaping particles and (b) collected particles at different supersaturation 
ratio (s) 
Figure 3.18a shows that the collection efficiency predicted by our model is in good agreement 
with the simulated results. Using the model, the relationship between supersaturation ratio and 
collection efficiency is evaluated in Figure 3.18b for a wide range of vS . The collection 
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efficiency of particles is improved with the increase of vS , especially for the particles smaller 
than 2 µm. However the improvement is not significant when vS  is larger than 1.4. This 
provides useful guidance for the balance between water consumption and particle collection 
efficiency, as increasing vS  means more water consumption.  
  
                                                               (a)                                                                                     (b) 
Figure 3.18. (a) Collection efficiency obtained from the predicted model and numerical simulations, (b) Collection 
efficiency as a function of Sv for different sized particles, calculated by the predictive model. 
3.5 Conclusions 
In this Chapter, a numerical model to simulate the particle-gas flow in a gas cyclone filled up 
with the supersaturated vapour, i.e., the CAP cyclone, has been developed. It is based on the 
CFD and LPT models with the condensational growth of particles implemented. The effect of 
the supersaturated vapour on the performance of such a cyclone has been studied by the 
model. The following major conclusions can be drawn: 
• The collection efficiency can be improved by the supersaturated vapour due to the 
condensational growth of particles inside the cyclone. The final sizes of the particles with 
the same initial size present a Gaussian distribution, yet generally in a narrow range, 
therefore the average value is representative. The average growth ratio of particles is more 
significant with a higher supersaturation ratio and a lower initial particle size. Therefore 
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the collection efficiency increases with the increase of vS  for all sized particles, while the 
improvement is more evident for smaller particles. 
• Escaping particle flow patterns linked to the secondary circulations of the air flow are 
divided into the short-circuiting flow, middle reverse flow and bottom reverse flow. Most 
particles escape through the first two flows. The average particle size increases with the 
depth of the cyclone, so an increase of vS  can decrease all three flows, while the effect is 
more significant for the middle reverse flow than the short-circuiting flow. However 
vS  
has minor effect on the particles with initial sizes greater than 3 µm as the condensational 
growth of such large particles is slow. 
• A predictive model is developed to calculate the collection efficiency of the CAP cyclone 
with the supersaturated vapour. It can guide the optimization of the CAP cyclone 
operation, particularly for the balance between the collection efficiency and water 
consumption. 
The numerical model has shown to be an effective tool to understand the micromechanisms of 
the effect of the supersaturated vapour on the performance of the CAP cyclone, which can 
help the design, control and optimization of this new air purifying technology. On the other 
hand, it should be noted that the CAP cyclone involves complicated multiphase flows, and 
this work is only the first model but with several aspects to improve, such as the water vapour 
distribution, the collision coalescence of the particles, etc. These sub-models will be 
implemented in our future studies. 
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4 NUMERICAL STUDY ON THE CAP CYCLONE WITH 
VAPOUR CONDENSATION 
This Chapter presents a numerical study on the multiphase flow in a gas cyclone filled up 
with the supersaturated vapour, which is used in an innovative air purifying technology, 
cloud-air-purifying (CAP) technology. The complex multiphase flow of air, vapour and 
particles is simulated by the computational fluid dynamics (CFD). The air flow is modelled 
by the Navier-Stokes equations. The Reynolds Stress Model (RSM) is applied to simulate the 
strong and anisotropic turbulence in the cyclone. The supersaturated vapour distribution in the 
cyclone is obtained by coupling the mixture species transport (MST) model with Eulerian 
wall film (EWF) model. Particle motion in the gas cyclone is traced by the Lagrangian 
particle tracking (LPT) method. In the supersaturated vapour, particles will grow in size due 
to the condensational growth, which is modelled via a user-defined-function (UDF). The 
effect of the initial vapour concentration on the supersaturation ratio and the particle growth is 
studied by a series of controlled numerical experiments. The results show that the vapour-air 
flow can be divided into the downward and upward flows and the vapour concentration 
(characterized by the supersaturation ratio) decreases from the top to the bottom of the 
cyclone, which decreases the condensational growth in the lower part of the cyclone. To 
overcome this, an optimization method is proposed by injecting extra vapour in the middle of 
the cyclone to improve the supersaturation ratio at the lower part of the cyclone, which can 
lead to the second growth of the particles. Finally, based on the numerical data, a 
mathematical model is proposed to predict the collection efficiency vapour in such new 
cyclones.  
4.1 Introduction 
Air pollution has been a serious worldwide problem (Liu et al., 2019, Zhang et al., 2007). 
Among air pollutants, particulate matter from power plans, industries and vehicles has the 
most negative effect on people’s health, especially fine particles (PM2.5) (Zhang et al., 2007, 
Fan et al., 2009) as they can easily get deep into people’s lungs and bloodstreams, causing 
lung diseases, heart diseases and some chronic diseases or even death (Li et al., 2016). 
Therefore, how to remove them effectively has drawn an urgent concern in industries. Gas 
cyclones are widely used for separating solid particles from waste gases due to their 
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favourable balance between performance and cost (Hoffmannc et al., 1992, Cortes and Gil, 
2007, Wang et al., 2006). Although many efforts have been made to increase their 
performance through optimizing cyclone geometry (Chen et al., 2007, Elsayed and Lacor, 
2010, Avci and Karagoz, 2003, Lim et al., 2004, Zhao et al., 2004) and operational conditions 
(Gimbun et al., 2005, Hoffmannc et al., 1992, Avci and Karagoz, 2003, Derksen et al., 2006), 
conventional gas cyclones are still not effective at collecting fine particles. As the centrifugal 
force on such small particles that drives them outward is significantly smaller than the drag 
force that pushes them inward. The movement of particles is governed by the air movement. 
Therefore particles escape from the top with the air, which leads to the low collection 
efficiency (Song et al., 2016, Wang and Yu, 2010). One of the feasible ways to improve the 
collection performance of fine particles is increasing particle size in the cyclone.  
In natural clouds, fine and ultrafine particles can act as cloud condensation nuclei so that  
vapour condenses on their surfaces and turn them into larger raindrops (Tammaro et al., 2012). 
This is called as condensational growth which has been studied in cloud physics (Barrett and 
Clement, 1988, Kulmala, 1993). This process has also been utilized in helping separate dust 
particles by creating a supersaturated environment for the particles (Xu et al., 2017, 
Heidenreich and Ebert, 1995, Bao et al., 2012, Yang et al., 2010). For example, Yang et al 
injected vapour into the gas wet flue gas desulfurization (WFGD) system and improve the 
collection efficiency of fine particles.  Xu added hot water into cooled saturated air in a tube 
with fine particles,  and observed the particles can grow into larger ones with the mean size of 
6.156 μm (Xu et al., 2017). In particular, Wang et al. (Wang et al., 2018)injected the 
supersaturated vapour in a gas cyclone and obtained a significant improvement of collection 
efficiency for PM 2.5, which is called as the cloud air purifying (CAP) cyclone system. Both 
experimental and numerical studies on the CAP cyclone show that collection efficiency can 
be improved by the supersaturated vapour due to the condensational growth of particles in the 
cyclone (Wang et al., 2018), which verifies the positive effect of particle growth on the 
collection performance. However, with the addition of the supersaturated vapour, the flow 
inside the cyclone becomes much more complicated than that of conventional gas cyclones, 
particularly the vapour will condense at the walls and the vapour distribution in the cyclone 
may not be uniform, which will affect not only the air flow but also the condensational 
growth of particles in different parts of the cyclone. Such complicated multiphase 
phenomenon has not been fully modelled in the previous numerical model.  
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In fact vapour condensation with the presence of non-condensable gas (NCG), usually air, is 
widely encounter in different chemical engineering processes and has been investigated both 
numerically and experimentally (Li et al., 2011, Dharma Rao et al., 2008, Oh and Revankar, 
2006, Huang et al., 2015). In a heat exchanger, condensation is affected by the vapour 
concentration as well as the flow (Dharma Rao et al., 2008). For example, Oh and Revankar 
(Oh and Revankar, 2006) found that the condensation heat transfer decreases with the 
increase of the NCG mass fraction. Pele and Baudoin (Pele et al., 1994) studied the effect of 
humid air flow rate on the film condensation and the results showed that the condensation rate 
increases when the humid air flow increases (Li, 2013, Vyskocil et al., 2014, Zschaeck et al., 
2014, Dehbi et al., 2013). Some CFD models have been developed to simulate film 
condensation phenomenon, but most of them simulated film condensation in the laminar 
flows (Li, 2013, Vyskocil et al., 2014, Zschaeck et al., 2014). There are no CFD studies on 
film condensation in turbulent flows, such as those in gas cyclones currently.  
This paper presents a CFD model to simulate the vapour-air-particle flow in a CAP cyclone, 
with the film condensation and condensational growth of particles implemented with sub-
model and UDF. This model is validated by good agreement between simulated and 
experimental results in terms of condensation rate and pressure drop. Aided by the 
microscopic information from the simulations, the vapour distribution in the cyclone is 
analysed. The effect of inlet vapour concentration on the distribution is addressed.  Moreover, 
the particle growth process due to the vapour distribution is obtained to investigate the effect 
of vapour concentration on the cyclone performance. Based on the simulation results, we 
propose an optimization to improve the CAP cyclone performance and apply an analytical 
model to predict the collection efficiency. This study will not only help us understand the 
complicated mixture flow in the CAP cyclone but also guide its design and optimization. 
4.2 Model description 
A CAP cyclone involves complex multiphase flows of the air, vapour and particles 
accompanied with phase change from vapour to liquid. The vapour concentration in the whole 
cyclone doesn’t distribute uniformly due to the vapour condensation on the wall. This changes 
the local supersaturation ratios in different places, which will affect the condensational 
growth. Figure 4.1 illustrates the modelling process of the CAP cyclone. The air flow is 
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modelled by CFD which solves the Navier-Stokes equations. Reynolds stress model (RSM) is 
applied to simulate the strong and anisotropy turbulence in the cyclone. The local mass 
fraction of vapour is predicted by mixture species transport (MST) model through the solution 
of an advection-diffusion equation. Eulerian wall films (EWF) model is used to consider 
phase changes between vapour and liquid. Coupling MST and EWF model can attain the 
distribution of supersaturation ratio in the cyclone. Particle motion in the gas cyclone is traced 
by Lagrangian particle tracking (LPT) based on Newton’s second law of motion. Particle 
growth is modelled via user-defined-function (UDF) which applies local supersaturation ratio 
from the flow field in the condensational growth model. Then we can get the information of 
particle growth and trajectory in the cyclone. 
 
Figure 4.1. Modelling process of CAP cyclone 
4.2.1 Air flow model 
The governing equations for an incompressible fluid are Reynolds-averaged Navier-Stokes 
(RANS) equations, which can be written as: 
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where the Reynolds stresses related to turbulence, '' jiuuρ , must be modelled to solve Eq (4.2). 
The equation for transport of the Reynolds stresses, '' jiuuρ , is given by:  
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Here the two terms at the left side are local time derivative of stress and convective transport 
term respectively, and the five right terms are respectively given by:  
turbulent diffusion term: 
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The fifth right term userS  is the user-defined source term, which is not considered in the 
current model. 
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4.2.2 Mixture species transport model 
The local mass fraction of each species is through the solution of an advection-diffusion 
equation, which can be written as: 
( ) ( ) iiii SJYvYt +⋅−∇=⋅∇+∂
∂ ρρ        (4.8) 
where ρ  is the density of species i, iY  is the mass fraction of species i, v
  is the velocity of 
species i, iJ

is the mass flux of species i, iS  is the rate of creation of species i. An equation of 
this form is solved for N-1 species where N is the total number of species presented in the 
system. To minimize numerical error, the Nth species should be selected as the species with 
the overall largest mass fraction. Therefore, the Nth species is air and Eq (4.8) is solved for 
vapour species in our study.  
In the turbulent flow, the mass diffusion is calculated as follows: 
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where miD ,  is the mass diffusion coefficient for species i in the mixture, iTD ,  is the thermal 
diffusion coefficient, tµ  is the turbulent dynamic viscosity and tSc is the turbulent Schmidt 
number: 
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and tD  is the turbulent diffusivity. 
4.2.3 Mixture viscosity model 
The viscosity of vapour-air mixture material depends on the mass fraction of vapour in the 
mixture, given by (Awad and Muzychka, 2008): 
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where mµ  is the viscosity of the mixture, vµ  is the viscosity of the vapour phase, gµ  is the 
viscosity of the air phase, vY  is the mass fraction of the vapour. Eq (4.11) satisfies the extreme 
conditions:  
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4.2.4 Eulerian wall film (EWF) model 
Eulerian wall film model can be coupled with mixture species transport model to predict the 
condensation rate on the wall, which is written as: 
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where ρ is the density of the gas mixture, vD  is the mass diffusivity of the vapour species, 
δ  is the cell-centre-to-wall distance, phaseC  is the phase change constant, and iY  represents 
the cell-centre mass fraction of the vapour species. The saturation species mass fraction satY  is 
computed as  
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where P  is the absolute pressure of the gas mixture , iM  and M is the molecular weight of 
the vapour species and the mixture, respectively. The saturation pressure satP  is a function of 
temperature only, which can be computed as  
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(4.15) 
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It’s clear from Eq (4.13) that when iY  exceeds satY , vapour condensation takes place, which 
means the value of phasem  is negative. 
4.2.5 Lagrangian particle tracking (LPT) model 
LPT is applied to describe particle motion by means of Newton’s second law. It is a typical 
Euler-Lagrangian multiphase flow model, which can be used to simulate the motion of a 
discrete phase in the Lagrangian coordinate system. The force balance on the particle phase 
can be written as: 
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 is an additional acceleration term (force/unit particle mass), 
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When the flow is turbulent, the instantaneous value of the fluctuating gas flow velocity u′
should be included to predict the dispersion of particles due to the turbulence. Here the 
turbulent particle dispersion is modelled by using the instantaneous fluid velocity, uu +′ , in 
the governing equations of particles. The values of u′  that prevail during the lifetime of the 
turbulent eddy are sampled by assuming that they obey a Gaussian probability distribution 
and  given by 
2
ii uu ′=′ ζ                     (4.18) 
where ζ  is a normally distributed random number and 3,2,1=i  represent three dimensions 
of the cyclone. Here the anisotropy of the turbulent flow is considered based on the RSM 
turbulent model. 
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4.2.6 Condensational growth model 
For vapour condensation on the particle surface, the mass flux can be given by: 
dt
drrI lc
24πρ−=                    (4.19) 
where cI  is the mass flux, lρ  is the liquid density, r  is the particle radius. On the other hand, 
by considering the transition regime corrections and the Kelvin effect, the mass flux can be 
also given by: 
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where vS  is the supersaturation ratio of the ambient environment, L  is the latent heat of 
vaporization, vM  is the molar mass of water vapour, K  is the thermal conductivity of gas 
mixture, R  is the gas constant, ∞T  is the ambient temperature, cD  is the binary diffusion 
coefficient, vep  is the saturation vapour pressure for a flat surface, p  is the total pressure. 
Mβ  and Tβ  are the transitional correction factors for the mass and heat flux respectively, 
which can be given by the following equations: 
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where vλ  and gλ  are the mean free paths of vapour and gas (air) molecules respectively. 
From Eq (4.19) and (4.20), we have: 
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resistance of droplet growth, 2
2
∞
=
RKT
MLNT vρ  is the parameter related to the heat transfer 
resistance of droplet growth. Integrating Eq (4.23) we have: 
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Eq. (24) is implemented in FLUENT LPT model through UDF. The parameters used in the 
particle growth model are listed in Table 4.1. At each time step t , the radius of a particle ( )tr  
is updated based on particle radius r at previous time step and the conditions of its 
surrounding environment to implement the condensational growth. Note that the value of r at 
the first time step equals to injected particle radius 0r . The particle size will affect the 
particle-fluid interactions and hence the particle flow, which will be considered in the 
FLUENT LPT model automatically.  
Table 4.1. Parameters used in the simulations 
Model Symbol Definition Value 
MST model 
Yi mass fraction of species i 
0.029029-0.052595 （inlet value）
then obtained from the flow field 
Sct effective  Schmidt number 0.7 
tD  turbulent diffusion coefficient obtained from the flow field 
Viscosity 
model 
μg viscosity of the air phase 1.78× 10−5 Pa/s 
μv viscosity of the vapour phase 8.9× 10−4 Pa/s 
EWF model 
Cphase phase change constant 5 
T temperature of mixture phase 303.15 K 
Ysat saturation species mass fraction 0.026452 
Yi mass fraction of species i 
0.029029-0.052595 （inlet value）
then obtained from the flow field 
LPT model 
ρp particle density 800kg/ m3 
dp particle diameter 1-20 μm 
u  mixture gas velocity  
16m/s (inlet velocity) then obtained 
from the flow field 
pu

 particle velocity  
16m/s (inlet velocity) then obtained 
from the flow field 
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Condensation 
growth model 
r0 injected particle radius 0.5-10 μm 
t time step 0.005s 
ρl  density of liquid 1000 kg/m3 
Sv supersaturation ratio o obtained from the flow filed 
L latent heat of vaporization 2.26 × 106 J/kg 
Mv Molecular  of water vapour 0.018 kg/mol 
K thermal conductivity of gas mixture 0.018 w/(m·K) 
R gas constant 8.314 J/(mol·K) 
T∞ ambient temperature obtained from the flow filed 
Dc binary diffusion coefficient 2.57 × 10−5 m2/s 
Pve saturation vapour pressure for a flat surface obtained from the flow field 
p total pressure obtained from the flow field 
λv mean free path of vapour molecules 138 nm 
λg mean free path of gas molecules 74 nm 
4.3 Simulation conditions 
Figure 4.2a and Table 4.2 show the structure and dimensions of the Lapple gas cyclone used 
in the physical experiments (Wang et al., 2018), which is also used here. The whole 
computational domain is divided by a structured hexahedral mesh, as shown in Figure 4.2b. In 
the vicinity of the wall and the vortex finder, the grids are refined. The total number of grids 
is 232800, and the grid independency has been verified. 
A “velocity inlet” boundary condition is used for gas inlet and the “pressure outlet” for the 
outlet boundary. The whole system is simulated under positive pressure, with the pressure at 
the outlet set as 1 atm. According to the experiment, the velocity of air, vapour and particle is 
16m/s. The mass fraction of the vapour in the air at the inlet is calculated from inlet vapour 
concentration. The density of the mixture of the vapour and air is defined using the ideal gas 
law for an incompressible flow. The viscosity of mixture is obtained through Eq (4.11). The 
second-order upwind difference scheme and the SIMPLEC pressure-velocity coupling 
algorithm are used. The unsteady solver is used, and the time step is 0.005 s. 
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                  (a)                                                              (b) 
Figure 4.2. (a) Schematic of the CAP cyclone and (b) the mesh used in the simulations. 
Table 4.2. Physical dimensions of the CAP cyclone 
Parameter Symbol Value (mm) 
Cylinder diameter D 200 
Inlet height b 100 
Inlet width a 50 
Vortex finder diameter De 100 
Length of Vortex finder S 140 
Cylindrical length h 400 
Cyclone body length H 800 
Duct diameter B 50 
After the simulated mass and momentum are converged, the vapour-air flow field of the gas 
cyclone can be considered as stable. Then the molecular sieve particles with a density of 800 
kg/m3, are injected at the inlet. An “escape” boundary condition is set to the top outlet, a “trap” 
boundary condition to the bottom and a “reflect” condition to the wall. Particle motion in the 
cyclone is described by the LPT model coupled with the condensational growth model. The 
supersaturation ratio 𝑆𝑆𝑣𝑣 is calculated as the ratio between the injected vapour concentration 
and the saturated vapour concentration at the circumstance temperature. It can be obtained 
from the local fluid field when a series of inlet vapour concentration is given.  
56 
 
4.4 Results and discussions 
4.4.1 Model validation 
In order to validate our model, it’s necessary to compare simulation with experimental results. 
Condensation rate and pressure drop are two of the most important operational parameters for 
CAP cyclones. Therefore they are selected as major parameters for validation purpose. Figure 
4.3 shows the comparison of simulated and experimental data of condensation rate and 
pressure drop. The model shows a good agreement with experiments, which proves its 
reliability. Figure 4.3a shows the trend that total condensation rate increase with the increase 
of inlet flow rate, which is also reported in the literature (Vyskocil et al., 2014, Dehbi et al., 
2013). From Figure 4.3a it also can be seen that a large amount of vapour condensates on the 
wall and the rest portion of vapour can be utilized for the condensational growth of particles 
discussed in the following section. The phenomenon that pressure drop drops with the rise of 
inlet flow rate is observed in the experiment (Wang et al., 2018) and captured by the current 
model as shown in Figure 4.3b. This is probably due to the increase of viscosity of air-vapour 
flow(Karagoz and Avci, 2005). Note that vapour in our case is the ultrafine high-density 
droplets of 4-10 μm in diameter. Therefore the viscosity of vapour is larger than the viscosity 
of air (Shavlov et al., 2016). The viscosity of vapour-air flow increases with the rise of vapour 
fraction in two-phase flow (Awad and Muzychka, 2008) when we increase the vapour 
concentration in the inlet. So the CAP cyclone can reduce the pressure drop and hence the 
energy consumption. 
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Figure 4.3. Comparison between simulation and experiments: (a) Simulated and measured condensation rate; (b) 
Simulated and measured pressure drop as a function of vapour concentration. 
4.4.2 Vapour condensation in the cyclone 
In the CAP cyclone, the collection efficiency of fine dust particles is effectively improved due 
to particle growth (Wang et al., 2018). Condensational growth of particle in the cyclone 
depends on 
vS  according to the condensational equation (Eq (4.24)), it’s important to know 
the vapour concentration distribution in the cyclone. As the vapour distribution refers to 
species transport which is described via advection- diffusion equation (Eq (4.8)), thus the 
velocity of mixture flow is firstly analysed. The flow in the cyclone is made up of a vortex 
which is dominated by tangential velocity (Cortes and Gil, 2007). As can be seen in Figure 
4.4a, the tangential velocity reaches its maximum value around the vortex finder in the radial 
direction, which divides the vortex into the inner forced vortex and outer free vortex. Figure 
4.4b shows the axial velocity, the black line in the contour is the locus of zero vertical 
velocity (LZVV), which divides the flow into the downward flow alongside the wall and the 
upward flow at the centre. Based on tangential and axial velocity, the mixture flow can be 
divided into two kinds of flows: outer downward flow and inner upward flow. Besides the 
outer downward flow and inner upward flow, a part of the mixture gas flows into the air core 
and escapes from the top which is called secondary circulation. For example, a part of the 
mixture gas hits the roof after entering the cyclone, then flows down alongside the outer wall 
of the vortex finder, finally enters air core at the bottom of the vortex finder and escapes 
which can be seen from Figure 4.4b and Figure 4.4c.  
                                       
                         (a) tangential velocity(m/s)                    (b) axial velocity(m/s)                   (c) radial velocity(m/s)      
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Figure 4.4. Velocity profiles of the mixture flow in the cyclone. 
Vapour condensation in the cyclone is more complicated than that in a simple condenser tube 
owing to complex flow pattern generated by the cyclone structure. This is because the mixture 
flow in the cyclone is divided into outer downward flow and inner upward flow rather than 
one direction flow in the condenser tube. Thus the mass fraction distribution of the outer 
region (r<0.05 m) and inner region （r>0.05 m） of the cyclone are analysed separated. In 
the normal condenser tube, the mass fraction of vapour decreases after the vapour-air flow 
enters the inlet and the mass fraction at the centre is larger than that at the interface reported 
in ref (Li, 2013). The similar trend is also observed in the outer region of the cyclone. As can 
be seen Figure 4.5a, the mass fraction of vapour decreases when the downward flow goes 
deeper in the outer region of the cyclone. Figure 4.5b shows the mass fraction distribution as a 
function of the radial position at different axial positions. The mass fraction of vapour at the 
centre of outer region is larger than that at the interface of outer region. However, the mass 
fraction of vapour decrease in the outer region of the cyclone mainly happens in the 
cylindrical part of the cyclone while it continues to decrease throughout the whole condenser 
tube. Another difference is that the mass fraction of vapour also decreases fast at the centre of 
outer region of the cyclone shown in Figure 4.5b while the decrease is slow at the centre of 
condenser tube (Li, 2013). The mass fraction distribution in the inner region is relatively 
simpler than that in the outer region. The mass fraction change in radial direction is small 
which can be seen in Figure 4.5b. We also find that the mass fraction of vapour near the 
vortex finder is larger than that in the lower part of the cyclone in the inner region in Figure 
4.5a as a part of vapour flows into inner region just below the vortex finder due to the 
secondary circulations and improve the mass fraction at that area.  
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                                      (a)                                                                                                     (b) 
Figure 4.5. Contour (a) and distribution (b) of mass fraction of the CAP cyclone at different axial positions. 
When vapour condensation occurs on the outer wall, it refers to mass transfer and heat 
transfer. Figure 4.6 shows the condensation rate and heat flux as a function of axial position 
alongside the wall. It can be seen from Figure 4.6a that the condensation rate increases first 
when the mixture flow goes deeper in the cyclone and reaches its peak at the bottom of the 
vortex finder, then decreases when z<-0.3m. The condensation rate change in the cyclone may 
be related to the turbulence distribution. As shown in Figure 4.6c, the turbulent intensity 
under the vortex finder is also largest in the cyclone. With such strong turbulence, vapour can 
easily diffuse to the wall and then condense, which results in the largest condensation rate 
under the vortex finder. Heat flux in Figure 4.6b shows a similar trend. The heat flux keeps 
stable when z<-0.1 m as the flow can get the vapour supplement from the tangential inlet even 
with vapour condensation leading to small condensation rate, which can be seen from Eq 
(4.13). The value of the heat flux rises to the peak immediately just below the inlet where the 
largest condensation rate happens. Then it decreases sharply when the flow goes deeper in the 
cyclone. This phenomenon is also observed in other experiments and simulations (Oh and 
Revankar, 2006, Vyskocil et al., 2014). This is because NCG accumulates at the interface and 
forms a boundary layer between liquid film and vapour. This layer is developed with the 
decrease of the vapour mass fraction alongside the outer wall, which enhances the resistance 
capability for the vapour condensation and heat transfer.  
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            (a)                           (b) 
 
(c) 
Figure 4.6. (a) Condensation rate (b) heat flux and (c) turbulent intensity as a function of axial position on the wall 
After investigating the distribution of vapour mass fraction in the cyclone, the effect of inlet 
vapour mass fraction on the vapour condensation is studied. In order to apply the vapour 
distribution in the particle growth model, the vapour mass fraction is converted into the 
supersaturation ratio.  Figure 4.7 shows the supersaturation ratio distribution at different axial 
positions in the cyclone with different inlet supersaturation ratio (Sve). The distribution trend 
with different Sve is similar. The supersaturation ratio keeps stable at inlet and decreases as the 
flow goes deeper in the cyclone. It increases with the increase of Sve, especially at the top of 
the cyclone. However, the improvement is less significant at a deeper position of the cyclone. 
The supersaturation ratio almost has no difference at the conical part of the cyclone with 
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various Sve. This indicates that the improvement of supersaturation ratio due to the increase of 
Sve is only effective in the cylindrical part of the cyclone.  
 
Figure 4.7. Average supersaturation ratio as a function of axial position with different Sve. 
4.4.3 Effect of initial vapour concentration on the cyclone performance  
By implementing the Sv distribution into the condensational growth model, we can analyse the 
effect of Sve on the cyclone performance. Figure 4.8 shows simulated collection efficiencies 
with different Sve as a function of particle size. It can be seen that the collection efficiency 
increases with the increase of Sve. For example, the collection efficiency of 1 µm particle 
increases from 50% to 80% when Sve rises from 1 to 1.5, which is 30% improvement. 
However, it’s less effective for larger particles in improving the collection efficiency while 
increasing Sve. Because for these particles, the centrifugal force surpasses the drag force on 
them, which means they can be easily trapped by the wall even without the presence of 
vapour (Song et al., 2016). It also can be seen that the collection efficiency of 1 µm particle is 
as high as 92% when Sve is 2. So the effect of Sve on the improvement of the collection 
efficiency won’t be significant when Sve is over 2. That may provide some guidance for the 
balance between water consumption and particle collection efficiency. As mentioned before, 
the collection efficiency of fine particles is improved due to particle growth in the CAP 
cyclone in the presence of vapour (Wang et al., 2018). However, particles will experience 
different growth processes based on their own trajectories which can only be traced in the 
numerical simulation. 
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Figure 4.8. Simulated collection efficiency as a function of particle size with different initial Sve. 
In our LPT simulations, all the injected particles are traced inside the cyclone. When they are 
collected at the bottom, their sizes are recorded and compared to their initial sizes, denoted as 
d0. Figure 4.9 shows size distributions of collected particles. It can be seen that particles with 
the same initial size grow into various sizes when they are collected, as with different inlet 
positions and strong anisotropic turbulence in the cyclone, their trajectories will be different 
and so are their growth processes. The size distribution of collected particles is like Gaussian 
distribution with a sharp single peak. The peak of the distribution moves rightward with an 
increase in Sve, as shown in Figure 4.9. However, the distribution becomes broader with an 
increase of Sve. Generally the distribution is confined in a narrow range, for example, 71% 
particles with an initial size of 1 µm are collected with sizes between 2-3 µm when Sve is 1.1 
as shown in Figure 4.9a. Such a narrow distribution is similar for different Sve, which suggests 
that the average value of the distribution can be representative for particles with the same d0. 
Therefore we will use the average size in the following analyses. The dependencies of the 
average final size of particles on the initial size at different Sve are shown in Figure 4.9. It can 
be seen that the final size increases with the increase of Sve and d0, which makes the particle 
collection process more efficiently. Interestingly, under the circumstance of two given Sv, the 
final size difference is widened with a decrease of d0. For example, the difference is 2 µm for 
4 µm particles and it rises to 2.87 µm for 1 µm particle when Sv is 1.1 and 1.3. Apparently, 
increasing Sv is more effective for smaller particles to enlarge their sizes. 
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                                       (a)                                                                                   (b) 
Figure 4.9. Final sizes of the collected particles: (a) size distribution of 1 µm particle with different Sve (b) average size 
as a function of initial particles with different Sve. 
We also analyse the whole progress for the condensational growth of particles in the cyclone. 
The trajectories of all traced particles with a given initial size are output from FLUENT 
output data. Then the average particle size as a function of the depth in the cyclone is 
calculated as shown in Figure 4.10. It can be seen that the average particle size increases 
when particles go deeper in the cyclone, especially in the top cylindrical part of the cyclone 
(z<-0.4m). Then the particles experience a minor growth in the conical part of the cyclone. 
For example, 1 μm particles with Sve of 1.1 can grow into 2.59 μm in the cylindrical part of 
the cyclone and the size barely increases just from 2.59 μm to 2.69 μm in the conical part. 
This condensational growth process is consistent with the Sv distribution as mentioned before. 
As Sv decreases to around 1 at the bottom of the cylindrical part of the cyclone, which can’t 
contribute to condensational growth, the size of particles just has a small growth below the 
cylindrical part. On the other hand, the overall increase is larger for particles with smaller d0. 
The effect of Sve is more critical than that of d0, as can be seen in Figure 4.10. With increasing 
Sve from 1.1 to 1.3 for 1 μm particles, the size growth increases from 1.59 μm to 3.17 μm at 
the bottom of the cylindrical part (z=-0.4m). On the contrary, with increasing d0 from 1 μm to 
4 μm when Sve is 1.1, the growth drops from 1.59 μm to 0.7 μm.  
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Figure 4.10. Average particle size in the cyclone as a function of the depth. 
Based on the results of Chapter 3, three flow patterns of escaping particles are identified, 
which are the short-circuiting flow, middle reverse flow and bottom reverse flow. The 
fraction of escaping particles through the bottom reverse flow can be negligible, so we focus 
on investigating the effect of Sve on the short-circuiting and middle reverse flow. Figure 4.11 
shows the effect of Sve on the fraction of the escaping particles to the total injected particles 
through these two flow patterns. Obviously, the fraction of the escaping particles decreases 
with an increase of Sve, particularly when the initial particle diameter is less than 3 μm. The 
effect of Sve is more significant for the particles escaping through the middle reverse flow 
rather than the short-circuiting flow. For example, the fraction for escaping 1 µm particles 
through the middle reverse flow drops from 12% to 4% when Sve is 1.5, which is a relative 67% 
decrease. Comparatively, the fraction for those escaping through the short-circuiting flow 
drops from 30% to 15%, which is a relative 50% decrease only. This is because of the 
residence time difference between these two escaping particle flow patterns. When particles 
go deeper in the cyclone, they can grow for a longer time and hence larger, which reduces the 
escaping probability. Therefore one of our concerns is to increase the residence time for 
particles in the cyclone as most escaping particles are through the short-circuiting flow and 
more time for them to grow means more possibility to prevent them escaping from the top. 
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                                                     (a)                                                                                      (b) 
Figure 4.11. Effect of Sve on the fraction of particles escaping through (a) short-circuiting flow, (b) middle reverse flow. 
4.4.4 Optimization 
Sv decreases sharply down to low value when it is below -0.3 m in axial position, which is not 
beneficial for enlarging the particle size shown in Figure 4.10. In order to enhance the effect 
of Sv on the growth of particles when they go below -0.3 m, the extra vapour is injected at the 
axial positon of -0.3 m as shown in Figure 4.12.a. Then Figure 4.12b and Figure 4.12c shows 
the Sv distribution in the cyclone before and after injecting water vapour. It can be seen that Sv 
in the cylindrical part of the cyclone is totally improved after the vapour injection. Sv on the 
right side near the injection is improved more than that on the left side. This is because the 
extra vapour is strongly affected by the main air-vapour flow rotating around the wall at 
anticlockwise direction. It reaches the right side first, and then rotates around the cyclone to 
the left side as less time means less vapour condensation. Another interesting phenomenon is 
that injecting vapour not only increases Sv at z=-0.3 m or below but also improve Sv on the top 
of the cyclone. As the main flow exits the cyclone in a straight stream through the centre of 
the cyclone, a part of extra vapour is governed by the upward main flow when it flows into 
the centre and then contributes to the increase of Sv on the top. 
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                                                       (a)                                                           (b)                (c) 
Figure 4.12. (a) Schematic of the position of the additional inlet, (b) contour of Sv distribution without the additional 
inlet and (c) contour of the Sv distribution with the additional inlet. 
Then the improved Sv distribution is also implemented into the condensational growth model 
to analyse the effect of the extra vapour on the collection efficiency enhancement. Figure 4.13 
shows the effect of the extra vapour on the particle growth and then the fraction of the 
escaping particles. With injecting vapour in the middle of the cylindrical part, particle growth 
is improved in the whole cylindrical part, especially from -0.2m to -0.4m. For example, the 
average size of 1 µm particles increases from 3.75 µm to 5.05 µm with extra vapour injection 
while it just increases from 3.54 µm to 4.17 µm without injection, as shown in Figure 4.13b. 
Then Figure 4.13c and Figure 4.13d show that the fraction of the particles escape through 
short-circuiting flow and middle reverse flow decreases with the extra vapour injection for 
particles with the initial size smaller than 2 µm. For particles larger than 2 µm, injecting 
vapour can still decrease the fraction of the particles escaping through the middle reverse flow 
but has no effect on the short-circuiting flow. Therefore, the injecting extra vapour is more 
effective in improving the collection efficiency for smaller particles shown in Figure 4.13a as 
it can weaken both escaping particle flows. We note that this is a trial numerical application 
and further effort is needed to elaborate on this optimization. 
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      (a)      (b)  
        
     (c)      (d)  
Figure 4.13. Effect of the extra vapour on the collection performance: (a) collection efficiency comparison; (b) 
supersaturation ratio (red) and particle size comparison (black); (c) fraction through short circuiting flow comparison; 
(d) fraction through middle flow comparison. 
4.4.5 Predictive model 
In Chapter 3, we proposed a mathematical model to predict the collection efficiency with the 
supersaturated vapour. However, this model can’t predict collection efficiency well if 
considering vapour condensation on the wall. Hence modifications are made to improve our 
predictive model. The modified equation is given by: 
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where 3.1=α  is the fitting parameter, pρ is the density of particles; iv  is the inlet velocity; 
D  is the cyclone diameter; rest  is the residence time of particles in the cyclone. µ  is the 
viscosity of the mixture which d  is the average particle size at the bottom of the cylindrical 
part of the cyclone instead of the average size of the escaping particles. d  can be estimated 
via modified droplet growth, given by: 
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where 0d  is the initial particle diameter; vS  is the average supersaturated ratio in the 
cyclone; 0t is the average time of particles reaching the bottom of the cylindrical part of the 
cyclone. 
 
Figure 4.14. Collection efficiency obtained from the predicted model and numerical simulations. 
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Figure 4.14 shows that the collection efficiency predicted by our model matches well with the 
simulated results both at low Sve and high Sve, which can help us obtain the collection 
efficiency at a given Sve before running complicated simulations. Using this model, the 
relationship between Sve and collection efficiency is evaluated. As we can see from Figure 
4.14, the collection efficiency is improved with an increase of Sve , especially for the particles 
with a diameter smaller than 2 µm. However, when Sve is 2, the collection efficiency of 1 µm 
is as high as around 90%. The improvement won’t be significant when Sve is larger than 2. 
This may provide useful guidance for the balance between water consumption and collection 
efficiency, as increasing Sve means more water and energy consumption. However, this model 
still has the limitation. It can’t predict the collection efficiency when extra vapour is injected 
in the middle of the cyclone. As we can see from Figure 4.13b, the major improvement of 
extra vapour on particle growth occurs from -0.2 m to -0.5m in the cyclone. Therefore the 
collection efficiency is divided into two parts: one is the collection efficiency when particles 
are in the top of the cyclone 1η  and the other is the collection efficiency when particles go 
below -0.2m 2η . On the basis of Eq (4.25) and (4.26), the equation is given by: 
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where 0d  is the initial particle diameter; 1vS is the average supersaturated ratio from the top 
to -0.2m in the cyclone; 1t and 1d  is the average residence time and particle diameter when 
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particles reach z=-0.2 m; 2vS is the average supersaturation ratio between -0.2 m and -0.5 m in 
the cyclone; 2t  is the average residence time when particles go down from -0.2m to the bottom 
of the cyclone; 3t  is the average residence time when particles go down from -0.2 m to -0.5m; 
2d  is the average particle diameter when particles reach z=-0.5 m.   
 
Figure 4.15. Collection efficiency comparison before and after extra vapour injection. 
Figure 4.15 shows that the collection efficiency predicted by the mathematical model is in 
good agreement with that obtained from the numerical simulation. Figure 4.14 shows that the 
collection efficiency is as high as 90% when Sve is larger than 2 for the single inlet. So this 
model can help us regulate the vapour concentration ratio between two injections to find the 
highest collection efficiency with the same Sve. 
4.5 Conclusion 
In this Chapter, a numerical model to simulate the multiphase flow in a gas cyclone filled up 
with the supersaturated vapour, which is used in the CAP cyclone, has been developed. It is 
based on the CFD-LPT method which considers vapour condensation on the wall and the 
surface of particles. The effect of the initial vapour concentration on the supersaturation ratio 
and the particle growth has been studied by the model. The following major conclusions can 
be drawn: 
• The supersaturation ratio decreases from the top to the bottom of the cyclone due to the 
vapour condensation on the wall. The supersaturation ratio in the cyclone increases with 
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the increase of inlet vapour concentration, but the improvement is not significant in the 
conical part of the cyclone. 
• The particle size increases with the supersaturated vapour, but the growth ratio decreases 
in the lower part of the cyclone due to insufficient supersaturated vapour. Increasing the 
inlet vapour concentration can increase the growth ratio in the cyclone and then decrease 
the fraction of particles escaping through the short-circuiting flow and middle reverse 
flow, which improves the collection efficiency in the CAP cyclone.  
 
• An optimization is proposed by injecting extra vapour in the middle of the cyclone to 
improve the supersaturation ratio at the lower part of the cyclone, which can lead to the 
second growth of the particles and then improve collection efficiency. Then a 
mathematical model is developed to calculate the collection efficiency with the 
supersaturated vapour from multi-injections. 
This numerical model can help us understand the micromechanism of the complicated 
multiphase flow, which can guide the optimization of the CAP technology. However, it 
should be noted that particle aggregation also contributes to particle growth with the presence 
of the vapour, which will be discussed in future. 
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5 CONCLUSIONS 
In this thesis, a numerical model is developed to simulate the complicated multiphase flow in 
a gas cyclone filled up with the supersaturated vapour. The model is based on the CFD-LPT 
models with the vapour condensation on the surfaces of the wall and particles considered. The 
effect of the supersaturated vapour on the cyclone performance is numerically investigated by 
the model. From the numerical results and analyses, the following major conclusions can be 
drawn: 
• The collection efficiency can be improved by the supersaturated vapour due to the 
condensational growth of particles inside the cyclone. The final sizes of the particles with 
the same initial size present a Gaussian distribution, yet generally in a narrow range, 
therefore the average value is representative. The average growth ratio of particles is more 
significant with a higher supersaturation ratio and a lower initial particle size. Therefore 
the collection efficiency increases with the increase of vS  for all sized particles, while the 
improvement is more evident for smaller particles. 
• Escaping particle flow patterns linked to the secondary circulations of the air flow are 
divided into the short-circuiting flow, middle reverse flow and bottom reverse flow. Most 
particles escape through the first two flows. The average particle size increases with the 
depth of the cyclone, so an increase of vS  can decrease all three flows, while the effect is 
more significant for the middle reverse flow than the short-circuiting flow. However, vS  
has minor effect on the particles with initial sizes greater than 3 µm as the condensational 
growth of such large particles is slow. 
• vS  decreases from the top to the bottom of the cyclone due to the vapour condensation on 
the wall. It increases with the increase of inlet vapour concentration, but the improvement 
is not significant in the conical part of the cyclone. The particle size increases with the 
supersaturated vapour, but the growth ratio decreases in the lower part of the cyclone due 
to low vS . Increasing the inlet vapour concentration can increase the growth ratio in the 
cyclone and then decrease the fraction of particles escaping through the short-circuiting 
flow and middle reverse flow, which improves the collection efficiency in the CAP 
cyclone. 
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• An optimization is proposed by injecting extra vapour in the middle of the cyclone to 
improve the supersaturation ratio at the lower part of the cyclone, which can lead to the 
second growth of the particles and then improve collection efficiency. Then a 
mathematical model is developed to calculate the collection efficiency with the 
supersaturated vapour from multi-injections.  
This numerical model can help us understand the micromechanism of the complicated 
multiphase flow, which can guide the optimization of the CAP technology. However, there 
are some limitations in this model, i.e. particle growth due to collision and .condensational 
growth capability. Therefore future studies are expected as follows: 
• Particle-particle interaction. In our work, the particle is tracked by LPT which ignores 
interaction between particle-gas and particle-particle. However, the particle collision 
cannot be ignored when the particle size is small. Because small particles are more easily 
brought together and start to collide with each other due to weak inertia. These small 
particles are strongly connected due to enhanced cohesive force with the existence of 
supersaturated vapour in the cyclone, and then form larger particles and be collected. 
After growth, particles are separated by the centrifugal force, which is less affected by this 
coalescence process. In future work, a statistical model like the collision kernel will be 
adopted to measure the possibility of collision. Then DEM will be applied calculated the 
forces between two banded particles. By this way, we can take particle collision into 
consideration.  
• Condensational growth capability. In our work, we just assume that the particles have 
been activated and are treated as droplets. However, the effect of the supersaturated 
vapour on various particles is different. Therefore, we should investigate the effect of the 
supersaturated vapour on the activation of particles.  
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NOMENCLATURE 
a Inlet width, m 
B Duct diameter,m 
b Inlet height, m 
Cd drag coefficient 
Cphase phase change constant 
D Cylinder diameter,m 
Dc binary diffusion coefficient, m2/s 
De Vortex finder diameter,m 
Di,m mass diffusion coefficient for species i in the mixture, m2/s 
Dt effective mass diffusion coefficient, m2/s 
Dv mass diffusivity of the vapour species, m2/s 
d average particle diameter at the bottom of cylindrical part of the cyclone, m 
desc escaping diameter, m 
dp particle diameter, m 
d0 initial particle diameter, m 
d1 average particle diameter when particles reach z=-0.2 m, m 
d2 average particle diameter when particles reach z=-0.5 m, m 
F

 additional acceleration term, m/s2/kg 
g   gravitational acceleration, m/s2 
H Cyclone body length 
h Cylindrical length 
Ic mass flux, kg/s 
iJ

 diffusion flux of species I, kg/m/s 
K thermal conductivity of gas mixture, w/(m∙K) 
L latent heat of vaporization 
M particle mass, kg 
M  molecular weight of the mixture 
Mi molecular weight of the vapour species 
Mv molar mass of water vapour 
phasem  mass rate  
P absolute pressure of the gas mixture, Pa 
Psat saturation pressure, Pa 
p pressure, Pa 
pve saturation vapour pressure for a flat surface, Pa 
R gas constant 
Rc circulating radius, m 
Re relative Reynolds number 
r particle radius, m 
r0 initial particle radius, m 
S Length of Vortex finder 
Sct effective  Schmidt number 
iS  rate of creation of species i 
Sv supersaturation ratio of the ambient environment 
Sve initial supersaturation ratio 
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vS  average supersaturated ratio in the cyclone 
1vS  average supersaturated ratio from the top to -0.2m in the cyclone 
2vS  average supersaturation ratio between -0.2 m and -0.5 m in the cyclone 
T temperature, K 
T∞ ambient temperature, K 
t growth time, s 
tesc escaping time, s 
tres residence time, s 
t0 average time of particles reaching at the bottom of the cylindrical part of the cyclone, s 
t1 average residence time from the top to -0.2m in the cyclone, s 
t2 average residence time when particles go down from -0.2m to the bottom of the 
cyclone, s 
t3 average residence time when particles go down from -0.2 m to -0.5m, s 
u gas velocity, m/s 
u  mean velocity, m/s 
pu
  particle velocity, m/s 
'u  velocity fluctuation, m/s 
2
iu′  RMS value of the velocity fluctuations, m/s 
v  species velocity, m/s 
vi inlet velocity, m/s 
Yi cell-centre mass fraction of species i 
Ysat saturation species mass fraction 
Yv mass fraction of the vapour 
 
Greek Letters  
α fitting parameter 
βM transitional correction factors for the mass flux 
βT transitional correction factors for the heat flux 
δ cell-centre-to-wall distance, m 
φ  shape factor 
η collection efficiency 
η1 collection efficiency when particles are in the top of the cyclone 
η2 collection efficiency when particles go below -0.2m 
λv mean free path of  vapour, m 
λg mean free path of gas, m 
μ gas viscosity, kg/(m∙s) 
μg viscosity of the air phase, kg/(m∙s) 
μm viscosity of the mixture, kg/(m∙s) 
μt turbulent dynamic viscosity, kg/(m∙s) 
μv viscosity of the vapour phase, kg/(m∙s) 
ρ gas density, kg/m3 
ρl liquid density, kg/m3 
ρp particle density, kg/m3 
τr particle relaxation time, s 
ζ  normally distributed random number 
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